Google 



This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 

to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 

to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 

are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other maiginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 

publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing tliis resource, we liave taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 
We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain fivm automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attributionTht GoogXt "watermark" you see on each file is essential for in forming people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liabili^ can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 

at |http: //books .google .com/I 



„Google 



„Google 



INTRODUCTION 



NATURAL PHILOSOPHY; 



T E X T - B K 



FOR THE USE Off 



STTJDEITTS IB" COLLEGE. 



By DEtflSON OLMSTED, LL.D., 



SECOXD HEVTSED EDITIOK 

Bt e. s. ssell, ll.d. 



WEW YORK : 
COLLINS & BROTHER, 

lOS LEONAED STREET. 
1811. 



„Google 



Enterea accoralng to Act of Coogress, In the year 184i. by 

DENISON OLMSTED, 
111 tho Clerk's Office of the Diettict Court of Connettitiit. 

EEViaKD Editioh. 

Entered acconling to Act o! Congreas, in the yeai iSW, by 

JDUA M. OLMSTED, 

FOK THH Cbilbheb Of DEBiaon OUOSTED, DECEaBi:i). 



JULIA M. OLMSTSD, 

POE THE OhILDREK OP DENjaOH OLMSTB 

n the OfSce of the Llbfarlan of CorgreBB, : 



SBEeekmsn Btreel. 



„Google 



PREFACE. 



THE object kept in view in ilie present reTiaion is tlie saino 
as heretofore — to preiiaris a book suitable for use in the 
College recitation room. The work does not aim to be a hand- 
book of Physics, giving information on all points relating to the 
subjects treated of, but merely a book of first principles, accom- 
panied by a sufficient number of illuetiative statements and diu- 
grams to render those principles clear, and to impress them cu 
the memory. 

The more prominent departures from, the furmer revision are 
the following: 

1. Moat of the second part of Mechanics is omitted ; and what 
is retained is introduced in appropriate connections in Part I. 
The second part was originally intended as a sort of substitute 
for a course of experimental leetni-es. But colleges are now so 
generally supplied with apparatus for illustration, that it seems 
unnecessary to encumber the volume with infonr.ation which can 
be presented so much more satisfactorily by the lecturer. 

2. Instead of the brief Part entitled "Electro-magnetism," 
first presented in the work when the former revision was made, 
the subject of " Dynamical Electricity" is now discussed as fully 
as the other branches. 

3. The subject of "Heat" for the liret time forms one Part of 
the work, although the course of instruction in nmny colleges 
still retains it in the chemical department. 

4. Some additions are made to the applications of the differ- 
ential and integral calculus, and all the discussions of this char- 
acter are brought together in an "Appendix" at the close of the 
volume. 

5. More than three-fourths of the engi'avings are new, most 
of which were drawn expressly for this revision. 
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\v PEEFACE. 

Besides these more apparent alterations, it sliould be addud 
that a large part of the whole book has been carefully rewritten, 
and additions and improvements made in almost every page of it. 

The author of the revision wishes to espress his indebtedness 
to Professor Joseph Ficelin, of the Univemty of Missouri, who 
has famished much valuable material for tlie Part on "Mechan- 
ics," and has critically examined the mathematical portions of the 
booli, and rendered essential aid in correcting and improving 
them. The Part on "Dynamical Electricity " is almost entirely 
the worlt of Professor Chakles H. Smith, of Cincinnati, Ohio, 
formerly Tutor of Natural Philosophy in Yale College. Mncli 
credit is due to him for presenting the principles of that exten- 
sive and complex branch of physics in a cleai- and systematic 
form. Dr. B. Joy Jeffeies, of Boston, Lecturer on Optical Phe- 
nomena and the Eye in Harvard University, has kindly assisted 
in preparing the description of the eye and its adjustments, and 
has allowed his own original drawings to be copied in the engi'av- 
ings relating to this subject, 

E. S. Shell. 

Amherst College, September, 1870. 



„Google 



CONTENTS. 



INTBODtrCTION. 

PAGE 
ClaEsifieation of the Physical Scieoeea, — Definilions relating to matter. — ■ 
Proporties of matter. — Brandies of Natural PhiioBopljy 1 — 3 



PART I,— MECHANICS. 

CHAPTEB I. 

Mr)1Jons clasaified. — Unifonn motion — Momentum. — Forces classified.— 
Laws of motion. — Gravity. — Ita laws. — Questions 4 — 12 

CHAPTBE 11. 

XIniform and variable motion represented seometrically. — Laws of the 
Ml of a bodj.— Motion of, a body projected up or down. — Forrauloe for 
the lall of bodies. — Space and time represented by co-ordinates. — A^. 
wood's machine. — Living force. — Questions. 13 — 33 

CHAPTER III. 

Two or more forces acting on a body. — Parallelogram of forces. — Triangle 
of forces. — Polygon of forces. — Curvilineai' motion. — Calculation of the 
resultant. — Bsamples.— Resolution of motion. — Hesnltant found by 
rectan^lar ases. — AnalytioBl expression for the resultant — Principle 
of moments. — Parallel RircM, — Paralleloinped of forces.— Eectangnlor 
axes. — Equilibrium of forces. — Couples. — Forces resisted by a emootli 
plane 2!1 — 13 

CHAPTER IV. 

Centre of gravity defined, — Centra of two equal bodies. — Of two anequsil 
bodies. — Equal moments-^Tliree or more bodies,— Triangle. — Poly, 
gon. — Perimeters. — Pyramid. — Bsamples, — Centre of gravity referrra- 
to a point or plane. — Trapezoid. — Centrobarlc mensuration. — Stable, 
nnstaole, and neutral equilibrium. — Motion of the centre of gravity of 
a system. — When one body moves, and when more than one move. — 
Examples 43—58 

CHAPTER V. 

Collision of inelastic bodies. — Pormulte, — Questions. — Collision of elastic 
bodies, equal, unequal, — Series of bodies, equal, decreasing, increas- 
ing. — Living force lost in the collision of inelastic forces, — Preserved in 
the collision of elosHo bodies, — Impact on a plane 68 — 85 

CHAPTER VI. 

Machines classified. — Three orders of straight lever.— Equal moments, — 
Compound lever, — Balance. — Steelyard. — Platform scales.^ Wheel and 
axle,— The same compounded. — Connection by teeth and by bands, — 
Pulley, — Fixed, movable, compound. — Hope machine, — Branching 
rope, — Funicular polygon. — Inclined plane, — .Relation of power, weight, 
and pressure. — Body between two planw. — Equilibrium of bodies on 
two planes. — Screw. — Combined with the lever. — Bndless screw —Bight 
and left hand screw. — Wedge. — Knee-joint. — Principle of virtual veloci- 



:yGoogle 



Vi COSTEKTS. 

CHAPTER VII. 

The ftaction of gravity on to. inelined plane. — PormwlEB for descent. — 
Desceut on tlie chords of a circle. — Series of planes. — Descent on a 
curve. — The pendulum. — Calcolation of its length. — Point of snepen- 
sion and centre of oadllation intcrcliangeable. — -The cycloid. — Ita prop- 
erties. — Descent on a cycloid. — The involute of a semi-cycloid. — The 
cycloidal pendulum.— Results applied to comtaou pendulum.^Horapen- 
sation pendulum 05—108 

CHAPTER VIII. 
Formulfe for the path of a projectile. — Diffferent angles of elevaiion for 
the same range, — The greatest height of a projectile — FormnliB for a 
horizontal plane. — Equation of the palli of a proieotile. — Eange on an 
oblique plane. — QiieBtions. — Central forces deacrihed. — Expressions for 
centrifugal force in circular motion. — Two bodies revolving about their 
centre ra gi'avity. — Centrifugal force on the earth. — Esampiea. — Com- 
position of tworotarj motions — The gyroscope — 100 — 120 

CHAPTER IX. 
Longitudinal strength, — Lateral stren^h, both ends Bupporied. — Streea 
from weight of the beam. — Weight at the centre of the beam. — 
Weight at any other point. — -Form for equal strength. — Lateral 
sireneth, one end supported. — Prismatic beams breaking by their own 
w«ght.---Structures weaker as they are larger.— Solid and hollow cvl- 
■ ■ " ■■ Mems in Mechanics 130—133 



PAKT II.— HTDEOSTATICS. 

CHAPTEE I. 

Liquids distinguished from solids and gases. — Transmitted pressure. — 
Hydraulic press, — Equilibrium of a liquid. — Cnrvature of surfece. — 
SjMt level — Pressure as depth. — Amount of pressure. — Artesian 
■wells. — Centre of pressure. — Less of weight in water. — Eqnilibrinm 
of ftoating bodies — Specific gravity — Hydrometer. — Magnitude found 
by specific gravity. — Cohesion and adhesion. — Capillary action. — 
Liquids raised and depressed by the Me of a solid. — Capillary tubes 
and plates. — Effect of capillarity on floating bodies 133 — 153 

CHAPTER II. 

Depth and velodty of discharge. — Descent of surface — Orifices in differ- 
ent situations. — Vena contraeta. — Friction in pipes, — Jets, — !Kvers, — 
Littmg pump.— Chain pump.— Hydraulic ram.— Wate^ wheels.— Tur- 
bine, — Barker's mill. — Resistance of a liquid, — Waves of oscillation. — 
Molecular movements. — Sea waves. — Waves of translation 153 — 160 



PAET III.— PKETJMATICS. 

CHAPTER I. 

Nature of gases. — Mariotte's law. — The air-pump. — Bate of exhaustion — 
Air condenser, — Torricelli's experiment,— Atmospheric piessnre — Ba 
rometer. — Pressure at different latitudes, — Diurnal variation — Effect 
of weather on pressure. — Heights measured by the baromctei — Ganges 
of the air-pump 167-170 

OHAPTBE II. 

Bellows, — Siphon, — Suction pump, — Porciug-pump. — Fire-engine. — 
Hero's fountain. — Manometer, — Apparatus for preserving a wator- 
lerel.... f 177—183 



:yGoogle 



CONTENTS. 

CHAPTER III. 
QmrnHty of the atmoapbere. — Its height. — Chatigfl of density with 
hfiight. — Trade winiie- — Return currante. — Wind of higher latitudes. — 
Land and eea, hreezea, — Current in a medium. — Effect on a emfaee. 
Vortices 



PAET lY.— SOUND. 

CHAPTER I. 
Vlbratione the cause of sound. — Sonorous bodies. — Air the o 
dium. — Velocity in air. — DiSVision of sound. — Nature of the waves. — 
Gaaea, liquids, and aolida aa media of sound. — Mixed media 189 — 19G 

CHAPTER n. 

Laws of refleclion of sound. — Echoes. — Concentrated echoes, — Resonance 
of rooms — Halls for public speaJiiug. — Refraction of sound. — Inflection 

of sound 197—303 

CHAPTER IIL 

Vibrations in musical sounds. — Pitdi. — The monoohord. — Formula fi>r 
time of a vibration. — The number of vibrations in a ^ven time, — Vi 
brations of a column of air. — Modes of vibration in different pipes. — 
Vibralion in parts. — Modes of exciting the vibrations. — Rods and 
laminas,— Chladni's plates.— Bells.— The voice.— The organ of hear. 

ing 202—314 

CHAPTER IV. 

Numerical relations of musical sounds. — Eepetition of the scale.— Modes 
of naming the notes. — Diatonic find cliromatic scales. — Chords and dis- 
cordg, — Temperament. — Harmonics, — Overtones. — Efifect on quality of 
tone. — Communication of vibrations. — Crispations. — Interference. — 
Number and length of waves for each note. — Vibrations visibly pro- 
jected 314-323 



PAirr v.— MAGNETISM. 

CHAPTER L 

Natural and artiSdal magnet.— Attraction of iron.— Polarity.- Mutual 
action of magnets. — Magnetic induction. — Hefles influence. — Double 
induction.— Coercive force.— Magnetism not transferred.— Law of 
force and distance. — Portions of a needle near a magnet. — Magnetic 

CHAPTER n. 
Declination of the needle. — Isogonic cnrves. — Variations, secular, annual, 
and diurnal. — IKp of the needle, — Isoclinic curves. — Magnetic inten- 
sity. — laodynainio curves. — Magnetic observatories, — Aurora Borealis. — 
Source of the earth's magnetism. — Formation of permanent magnets, — 
The declination compass, — The mariner's compass, — The needle ron, 
dered astatic— Theory of magnetism 331—341 



PART VI.— FRICTIONAL OR STATICAL ELECTRICITY. 
CHAPTER I. 
Definitions. — Electroscopes,— Two electrical states, — Theories. — Mutual 
BCtion.^ConductioB, — Modes of insulating — Sphere of communication 
and of influence 343—347 



:yGoogle 



CHAPTBE n. 
Plate machiae. — Cylinder mochme. — Hjtlro-electrie maclmie. — Plienom- 



OHAFIEE m. 
Elementaiy esperiment on indiLCtloii, — Beaction, — Efffect of dividing the 
conductor. — Of lengthening it,— Diagaieed electricity. — Series of con- 
ductors. — Why an uneleotrified body is always attracted. — The Franklin 
plate. — The Leyden jar, — ItH theory.. — Spontaneous discharge. — Series 
of jars. — DiTidiig a charge. — Use of coatings. — Tbe ftee part of the 
charge explained, — Vibraciona and revolutions. — Heaiduary discharge. — 
Battery.— Discharging electcometefs,— Why a point held toward a 
charged body discharges it. — Induction applied to the explanation of 
electroscopes, condenser, and eleotrophorus. — luduotlon mamine . - 353 — 306 

CHAPTER IV. 

Effects of discharges. — Luminous effects. — Colors. — Luminous figures. — 
Mechanical, chemical, and phyMoiogical eSfeeta. — Velocity of Elec- 
tricity 366— S™ 

CHAPTER V. 
Electridty in the air. — Thnnder storms.— Lightning is a discliarge of 
electricity. — Eoda. — How they protect. — Protection of the person.— 
How lightning causes damage 371— 3T5 



PART TIL— DYNAMICAL ELECTEICITY. 
CHAPTER I. 



CHAFTER II. 
Helices. — The solenoid. — Ampfere's theoiT — Mutual action of currents.- 
Relations of currents and magnets,— The galvanometer. — The earth' 
polarity. — Thermo-electricity. — Magnetic induction hy currei ' "" 
U-magnet. — Its power to suataic a weight , 

CHAPTER III. 
Cnrrents inducing currents. — Characteristics of induced currents, — Both 
currents in one wire. — Names of these circuits and currents.— Coils, 
primary and secondary. — Ruhrakorff's coil. — One coil moved into and 
outof»nother,—Magnot«-ele«tridty,— Explained on Ampere's theory.— 
Clarke's magneto-electric madiine. — Its operation 380— 

CHAPTER IV. 
Practicalapplications.- EleotrolyBis.— Eleetro-plating.— Electrotyping,— 
Electric Hrfit and heat.— Mechanical movementB.—Electro^magDetic 
machine.— i)lectro-magnetic telegraph, — Its parts. — Its operation. — Re- 
peaters.— Ocean cable.— Fire-alarm.— Chronograph 



PART VIIL— HEAT. 

CHAPTER I. 
Nature of heat.— Expanrion by heat, contraction hy its loss.—Thermom- 
eter, — Different scales. — Pyrometer. — Coefficient of expansion. — Ther- 
mal force very great.— Case of contraction hy heat 310 — 315 



:yGoogle 



CONTENTS. Is 

CHAPTER n. 

Heat communicated Ih several ways, — Radiation. — Heat tends to an equi- 
librium.— Refleotiou.—Conceiitratioa by lefiactioa. — Absorption. — Con- 
duction.^ — Effect of molecular arrangement in eolide, — Convection. — 

Diathermanoj- 815—830 

CHAPTER ni. 

Bpadfic heat.— Metliod of finding it. — Cliange of condition. — Latent 
lieat. — Boiling under preaaure. — Freezing bj melting. — Bplieruidal oon- 

diHon 331—335 

CHAPTER IV. 

Force of steam. — Change of tension ivith. tempeiatura. — Steam-engines. — 
The engine of Watt. — Single and double acting. — Jjow-presaiire en- 
gine. — Steam-valves.— Higb-pressure engine, — Applications of ateam- 
puwer. — Mechanical equivalent of heat uSS — 331 

CHAPTEE V. 

How tlie air is warmed. — Limit of perpetual frost — Isothermal lines — 
Moisture of the air. — Bew point. — Measure of vapor — Hygromatera — 
Forms of preiapitation of vapor. — Dew, frost. — Fog, cloud — ClaHsifica 
tion of clouds. — Hain, mist, hail, aleet, snow. — Theories of precipifa 
tion. — Cyclones. — liraft of fluaa. — Ventilation of roonis of ram"i — 
Sources of heat .,j1 — j41 



PAET IX.— LIGHT. 

CHAPTER I. 

Light moves in straight lines. — Its velocity. — Intensity at different dis- 
Winces. — Loss by absorption. — Photometers, — Shadows "*" 

CHAPTER II, 

Reflection. — Its law. — TnolinaUon of rays not changed by a plane mir- 
ror. — Bays converged by a concave, diverged by a convex miiTor. — 
Conjugate foci, — Images by a plane mirror. — Object and image symmet- 
rical. — Space on tlie mirror occupied by the image. — Displacement by 
two reflections. — Multiplied images by two toirrors, pasallel, indlued. — 
Images by a concave mirror, by a convex mirMr.—CaiMtica by reflec- 
tion.-— Spherical aberration of mirroTS 346— 3G0 

CHAPTER HI. 

Refraction. — Law as to (lensity. — Law as to inclination, — Limit of emer- 
gence from a denser medium. — Transmission through plane sur&,ces, 
parallel, inclined.— Multiplying glass. — Refractive power found by a 
prism. — Light through one sumica, plane, convex, concave, — Lenses. — 
Effeet of the convex lens, of the concave lena. — Optic centre. — Conju- 
gal* foci, — Images by the convex lens, by the concave lens, — Caostica 
bj refraction.— Spherical abermlion of lenaea, — Remedy.— Atmospheric 

refraction.— Mirage 300—374 

CHAPTER IV. 

The prismatic spactrum, — Colors recombined. — Complementary colors. — 
Praunhofer lines.— Lines of terrfstrial suhatancw buining.— Theory of 
lines in the solar spectrum. — Disper^on of light. — Chromatic aberra- 
tion of lenses. — Achromatism 37S — 881 

CHAPTER V. 
The rainbow. — Experiment with a sphere of water,— Couvse of ravs in 
the primaiy bow. — In the secondary bow. — Axis of the bows. — Their 
circular form.— Colors of the two bows in contrary order, — The tertiary 
bow. — The common halo. — Caused by crystals of ice. — Its frequency. — 
The mock-sun 331—388 



:yGoogle 



X CONTENTS. 

CHAPTER VI. 
Natoral colors of bodies. — Inflection of light. — Breadth, of Mnge varies 
with, the color. — Why not alwajs seen on the edges of bodies. — Color 
by striatdon, — By thin lamioas. — Ratio of thicknesses for tlie Bnccessive 
rings, — Mode of finding the thicltnesa. — Newton's ringa by a mono- 
chromatic lamp 388—3 

CHAPTER VIL 
Double refraction. — Iceland spar. — Ordinaiy and estraordinary ray, — 
Optical relations of tlie asis. — Crystals of positive and of negative 
axis- — Polarization of light.— By reflection. — Polarizing and analyzing 
plates. — By bundle of p&tes. — By absorption. — By double refraction.— 
Every polarizer an analyzer. — Color by polarized light. """ 

CHAPTER VIII. 
The wave theory. — Its postulates. — Hettection according to it.— Refrac- 
tion according to each theory. — Interference. — By thin plates.— By f" 



CHAPTER IX. 



commodation, — How caused.— Long-si ghtednesa. — Short- sigbtedness, — 
Cause of each. — Why an object is seen erect and single. — indirect 
vision. — The blind point. — Continuance of impressions. — Accidental 
colors, — Estimate of distance and size by the eye. — Binocular vision. — 
The stereoscope 407—415 

CHAPTER X. 
The camera lucida.— The microscope.- The single microscope.— Limit of 
its power. — The compound microscope. — Its magnif^ng power, — Im- 
provement in its couBiruetion, — Microscopes for projecting images. — 
The m^io lantern.— The solar microscope.— The astronomical tele- 
scope.— Its powers.— Mode of mounting.-— Ihe terrestrial telescope.— 
Galileo's telescope.— The Gregorian telescope.- The Hersobeliaa tele- 
Ecope 41ti — 43i 



APPENDIX. 

APPLICATIONS OF THE CALCULUS. 
I. Pall op Bodies. 

IBfierential equations. — Pall through small distances near the earth. — 
Through great distances. — Method of finding velocity and time. — Fall 
within the earth,-:-Velocity and time found 435 — 428 

II. Cbmtbb op Gbavitt. 

Principle of moments. — Formuhe prepared. — AppUcittions of formulie to 
varJousoaaes .. 428-43S 

III. Centre of Oscillation. 

Moment of inertia for any axis. — Examples 433 — 434 

rV. Centke oe Hydbostatic Pressure. 
General formulie. — Examples ■ 434—436 

V, AwGULAR Radius op the Rainbow .iSD the Halo. 

The primary bow. — The secondary bow. — The halo 438 — 437 



„Google 



NATURAL PHILOSOPHY. 



INTEODUCTIOISr. 

Alt. 1. Classification of Physical Sciences. — The ma- 
terial world consists of two parts — the organized, including tho 
animal and vegetable kingdoms; and thu unorganized, which 
comprehends the remainder. Organized matter is treated of in 
Physiology, and in those branches of science usually called Natural 
History. Unorganized matter forms the subject of Natural PM- 
hsophy and Chemistry. Chemistry considers tlie internal consti- 
tution of bodies, and the relations of their smallest parts to each 
other. Natural Philosophy deals principally with the external 
relations of bodies and their afitioa upon one another. I^ how- 
ever, the bodies are so large as to constitute worlds, of which the 
earth itself is one, this science takes the name of Astronomy. 

The woi-d Physics is much used to include both Katural 
Philosophy and Chemistry; but sometimes it is apphed to the 
branches of Natural Philosophy, except Mechanics. According to 
this use of the word, Natural Philosophy is divided into two gen- 
eral subjects, Mechanics and Physics. 

2. Definitions relating to Matter. — 

A iody is a separate portion of matter, whether largo or 
small. 

An atom is a portion of matter so small as to be indivisible. 

A particle denotes the smallest portion which can result 
from division by mechanical means, and consists of many atoms 
united together. 

The word molecule signifies a very small portion of matter, 
cither atom or particle. 

Mass is the quantity of matter in a body, and is usually 
measured by its weight. 

Toliime signifies the space occupied by a body. 

Density expresses the relative mass contained within a given 
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3 MECHANICS. 

volume. Thus, if one body has twice as groat a mass within a cer- 
tain volume as another has, it is said to have twice the density. 

Pores are the minute portions of space witliin the volume of 
a body, which are not_ filled by the material of that body. AJl 
matter is porous, some kinds in a greater and some in a less degree. 

Force is the name of any cause, whatever it may be, which 
gives motion to matter, or which changes its motion. 

3. Properties of Matter. — 

(1.) Extension.— 'EvGTj portion of matter, however small, has 
length, breadth, and thickness, and thus occupies space. This 
is its extension. 

(3.) Impenetrability. — ^While matter occupies space, it ex- 
eludes all other matter from it, so that no two atoms can be in 
exactly the same place at the same time. This property is called 
impenetrability, 

The two foregoing are often called essential properties, because 
we cannot conceive matter to exist withont them. 

(3.) Divisibility. — Matter is divisible beyond any known limits. 
After being divided, as far as po^ible, into particles by mechani- 
cal methods, it may be still fnrtlier reduced by chemical action to 
atoms, which are too small to be in any way recognized by the 
senses. 

(4.) Compressibility.— Smua pores exist in all matter, it may 
be compressed into a smaller volume. Hence all matter is com- 
pressible, though in very different degrees. 

(5.) Mastieity. — After a body has snfferea compression, it 
shows, in some degree at least, a tendency to restore itself to its 
former volume. This property is called elasticity. A body is said 
to be perfectly elastic when the force by which it recovere its size 
is equal to that by which it was before compressed. The word 
elasticity is used generally in a wider sense than is given in the 
above definition, namely, the tendency which a body has to recover 
its original /orm, whatever change of form it may have previously 
received. Thus, if a body is stretched, bent, twisted, or distorted 
in any other way, it is called elastic, if it tends to resume its fonn 
as soon as the force which altered it has ceased. Torsion is the 
name of the elastic force which tends to untwist a thread or wire 
when it has been twisted. 

(6.) Attraction. — This is the general name used to express the 
universal tendency of one portion of matter towards another. It 
receives different names, according to the circumstances in which 
it acts. The attraction which binds together atoms of different 
kinds, so as to form a new substance, is called q^nity, and is dis- 
cussed in Chemistry ; that which unites particles, whether simple 
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IKTRODUCTION. 3 

or compoimd, so as to form a body, is called cohesion; the cling- 
ing of two kinds of matter to each other, without forming a new 
substance, is eailed adhesion; and the tendency manifested by 
masses of matter toward each other, when at sensible distances, is 
called gravity. 

(7.) Inertia. — This is also a uniYersal property of matter, and 
signifies ite tendency to continue in its present condition as to 
motion or rest If at rest, it cannot move itself; if in motion, it 
cannot stop itself or change its motion, either in respect to direc- 
tion or velocity. 

4. Branches of Natural Philosophy.— Natural Philosophy 
is generally divided into Mechanics, Hydrostatics, Pneumatics, 
Sound, Magnetism, Ekctridty, Heat, and Light. 

Mechanics treats of the motion and equilibrium of bodies, 
caused by the application of force. Since there are three condi- 
tions of matter, sohd, liquid, and gaseous, it is convenient to 
divide the general subject of Mechanics into three branches. 

1st. The mechanics of solids, also called Mechanics. 

2d. The mechanics of liquids, called Hydrostatics. 

3d. The mechanics of gases, called Pneumatics. 

All the other branches of Watnral Philosophy (often called 
Physics) treat of various phenomena caused by minute mirations 
in the particles of matter. These vibrations are excited in differ- 
ent ways, and when transmitted to us, affect one or more of our 
senses. Thus, sound consists of such vibrations as affect the sense 
of hearing ; and light is another mode of vibration, that affects 
only the sense of vision. 

It was formerly customary to regard magnetism, electricity, 
heat, and hght, as so many kinds of imponderable matter, that is, 
matter having no sensible weight, and thus distinguished from 
solids, liquids, and g^es, which are the different forms of ponder- 
able matter. But it is now known that when forces are applied to 
matter, they not only produce the visible forms of motion, but 
may, be made to develop either sound, magnetism, electricity, beat, 
or light; and that most of these modes of motion may be trans- 
formed into others, and each may he made a measure of the force 
which is employed to produce it. 
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PART I. 



CHAPTER I. 

MOTION AND FORCE 



5. Classification of Motions.-— Motion is change of place, 
and is either uniform or variable. In uniform motion equal 
spaces are passed over in equal times, however email the times may 
be. In variable motion the spaces described in equal times are un- 
equal. Snoh motion may be either acceleraled or retarded. In 
accelerated motion the spaces described in equal times become con- 
tinually greater; in retarded motion they become continually less. 
Motion is said to be uniformly accelerated if the increments of 
space in equal times (however small) are equal; and uniformly re- 
tarded if the decrements are equal. 

Velocity is the space described in the unit of time. In Me- 
chanics, one second ia much used as the unit of time, and one foot 
as the unit of space.; hence, velocity is the number of feet de- 
scribed in one second. 

6. Unifonn Motion. — When motion is uniform, the number 
of foet described, in one second, multiplied by the number of 
seconds, obviously gives the whole space. Let s = space, t = time, 

and V = velocity; then s = t v; :.t = -, and v = -j. If this 

space is compared with another, a', described in the time t', with 
the velocity v', then s:s':-.tv\t'v'; or briefly, in the form of a 

variation, skIv. In like manner I x-, aiid v cc ■ ■, 

If two bodies, moving uniformly, describe equal spaces, then 
s = s' ; .: i V = t' v' ; .'.t:t';:v';v. That is, in order that two 
bodies may describe equal spaces, their velocities must vary in- 
versely as the times during which they move. 

7. Questions on Uniform Motion. — 

1. A ball was rolled on the ice with a velocity of 78 feet per 
second, and moved uniformly 31 seconds; what space did it de- 
scribe? Ans. 1638 feet. 
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3. A steamboat moved uniformly acrosa a lake 17 miles wide, 
at the rate of 30 feet per second; what time was occupied in 
crossing? Am. Ih. 14m. is. 

3. On the supposition that the earth describes an orbit of 600 
millions of miles in 365J- days, witli what mlodty does it move per 
second? -Ans. 19 miles, nearly, 

4. Three planets describe orbits which are to each other as 15, 
19, and 13, in times which are as 7, 3, and 5 ; what are their rela- 
tive velocities 9 Ans. 335, 665, and 253. 

8, Momentum. — The momentum of a body signifies its qtian- 
tity of motion, and is reckoned according to the inass, or quantity 
of matter, which is moving, and the velocity with which it moves. 
The momentum, therefore, vai-ies as the product of the mass and 
the Telocity. 

Let the momentum of a body = m, its mass = q, and it« Telo- 
city = V ; then m = a v,q = — , and v=^. In order to com- 

pare the momentum of one body with that of another, let m', q', v', 
represent the momentum, mass, and Telocity, respectively of the 

second body; thenm: m' : : q v : q' v'; ov trt (x: q v, .-. q x —, 

, m 
andiJcc — . 

If the momentum of one body equals that of another, then, 
since m = m',qv = q' v', .: g : g' ■.; v' : v. That is, in order that 
the momenta of two bodies should be equal, their masses must 
vai7 inversely as their velocities. 

Since there are two elements entering into the momentum of a 
body — namely, its mass, usually expressed in pounds, and its velo- 
dty, expressed in feet per second—therefore momentum cannot be 
measured either in pounds or in feet, being in nature unlike either. 
The wovA foot-potmd is employed for the unit of momentum when- 
cTer the unit of mass is a pound and the unit of velocity is a foot 
per second. 

9. Questions on Momentum — 

1. A ship weighing 336,000 lbs. is dashed against the rocks in 
a storm, with a velocity of 16 miles per hour ; with what momeji- 
tum did she strike? Ans. 7,884,800 foot-pounds. 

2. A ball weighing 1 oz. is iired into a log weighing 53 Ihs., 
suspended so as to move freely, and imparts a velocity of 3 ft.- per 
second. Assuming that the log and ball have a momentnm eqitjd 
to the previous momentum of the ball alone, required the yelceif y 
of the ball. Ans. 1,698 ft. per sec. 

3. Suppose a comet, whose velocity is 1,000,000 miles per hour, 
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li;is the same momentum as the earth, whose Telocity is 19 miles 
per second ; what ia the ratio of their masses ? A71S. 1 : 14.6. 

4. Two railway cars have their quantities of matter as ? to 3, 
and their momenta as 8 to 5 ; what are their relative velocities ? 

Am. As 24 to 35, or nearly 5 to 7. 

5. The momentum of a cannon-baU was 434 foot-pounds ; what 
must he the velocity of a half-ounce bullet, in order to have the 
game momentum ? Ans. 13,888 feot. 

10. Classification of Porces. — The principal forces in na- 
ture are the following; 

1. Attraction in its several forms. Cohesion and chemical af- 
finity are the forces which bind together the particles and atoms 
of bodies, and gravity is that which everywhere near the earth 
causes bodies to &11 toward it, or to press upon it. 

3. Elasticity. — This is a force which, in many kinds and con- 
ditions of matter, tends to repel the particles from each otiier. 

The forces, whether attraction or repulsion, which exist among 
the atoms or molecules of a body, are called molecular forces. 

3. Muscular force. — ^AU living beings are endowed with this 
force, by which they put in motion bodies around them, and by 
acting upon other bodies, are enabled also to move themselves 
from place to place. 

4. Matter in motion. — ^If a body which some force has put in 
motion impinges on another body, it imparts motion to it, and is 
therefore itself a force. This is true not only of ordinary visible 
motions, but of those small and often invisible vibrations, which 
manifest themselves as sound, heat, &c. Gravity, or any other 
ioi^ce, may cause heat, and heat may cause light and electricity. 
Thus, any form of motion is a force, and it can be employed to 
produce other forms. 

11. Impulsive and Continued Forces and their Ef- 
fects. — An impulsive force is one which has no sensible coniinu- 
iiuce, as the blow of a hammer. A continued force is one which 
acts during a perceptible length of time. Continued forces are 
subdivided into constant and variable. A constant force has the 
same intensity during the whole time of its action; a variable 
force is one whose intensity changes. 

Keeping in mind the property of inertia, we associate different 
kinds of motion with the forces which produce them, as foUows : 

1. An impulsive force causes uniform motion. 

2. A contimied force, accelerated motion. 

8. A constant force, uniformly accelerated motion. 
4. A variable force, unequally accelerated motion. 
If the force is applied in a direction opposite to that in which 



:yGoogle 



MOTION AND POECB. V 

the body has a preTious uniform motion, the connietion is the 
following ; 

5. An impulsive force causes uniform motioa, or rest. 

6. A continued force, retarded motion. 

7. A eonstunt fovc?;,- uniformly retarded motion. 

8. A variable force, unequally retarded motion. 

In ctiaes 1 and 5, it is obvious that, the impulse being given, 
the body is left to itself, and cannot change the state of motion or 
rest impressed on it 

. In 3, 3, and 4, it must be considered that the force at tsch. in- 
stant adds a new increment to the unifonn motion which the body 
■would have had if the force hiid ceased; and if the force is 
constant, those increments are equal; if variable, they are un- 
equal. 

In 6, 7, and 8, tlie same statements may be made in regard to 
decrement. It is also plain that in these three last cases, if the 
force continues to act indefinitely, the motion will be retaixJed 
until the body comes, to a state of momentary rest, and then is 
accelerated in the direction of the force. 

12. Measure of Force. — The intensity of an impulsive fords 
is measured by the momentum "v/hKoh it will produce or destroy ; 
that is, / «: m. But m oc qv; .•.fa: q v. Henee, if q is con- 
stant, / oc y, I;^ then, an impulse is applied to a given mass, the 
intensity of that impulse is measured by the velocity which it im- 
parts or destroys. 

But in the case of a constant force, the momentum depends not 
only on the intensity of the force, but on the time during which it 

is applied ; that is, / if a m, and fx—. If the mass of the body 
is given, then, as in the case of an impulsive force, q being con- 
stant,/^ cc V, and/oc j. 

To express the measure of a variable force, let f be a constant 
and infinitely small portion of time ; then the force varies as the 
mass multiplied by the increment of velocity imparted in that 
time, 

13. The Thtee Laws of Motion.— AU the piienomena of 
motion in Mechanics and Astronomy are found to be in accord- 
ance with three first principles, which Newton announced in his 
Principia, and which are to be regarded as forming the basis of 
mechanical science. They may be named and defined as follows; 

1. The law of inertia.— A. body at rest tends to remain at rest ; 
and a body in motion tends to move forever, in a straight line, and 
uniformly. 
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3, The law of the coexistence of motions. — If several motions 
are commuuieated to a body, it ■will ultimately be in the same 
position, whether those motions are simnltaueotis or successive. 

3. The law of action and reaction. — If any kind of action takes 
place between two bodies, it produces equal momenta in opposite 
directions; or, every action is accompanied by an equal and oppo- 
site reaction. 

The truth of these laws cannot be established, except approxi- 
mately, by direct experiments, because gravity, friction, and the 
resistance of air, interfere more or less with eveiy possible experi- 
ment. They are to be learned rather by a careful study of the 
phenomena of.motion in general. We see an approximation to the 
first law, in rolling a ball on a liorizontal surface ; first, on the 
earth, then on a floor, and again on smooth ice, the motion ap- 
proaching toward uniformity as obstructions are diminished, and 
gravity producing no direct effect, because acting at right angles 
to the line of motion. The discussion of the second law is reserved 
for Chapter IIL The tJiird law is illustrated by a variety of cases 
in collision, attraction, and repulsion. Suppose that a body A, 
being in motion, strikes dkectly against JB, which is at rest ; it is 
found that B acquires a certain momentum, and that A loses (that 
is, acquires in an opposite direction) an equal amount The same 
is true if 5 is in motion, and A either overtakes or meets it. In 
the collision of two railroad trains, it is immaterial as to the 
effects which they will respectively suffer, whether each is moving 
towaMs the otlier, or whether one is at rest, provided that in the 
latter case the moving train has a momentum equal to tlie mo- 
menta of the two trains in the former ease. When a magnet 
atti-acts a piece of ii"on, each moves towards the other with the 
same momentum. A spring between two bodies A and B drives 
A from B with as much momentum as B from A ; and the sudden 
expansion of burning gunpowder, which propels the balls when a 
broadside is flr-ed, causes an equal amount of motion of the ship in 
the opposite direction. 

14. Force of Gravity. — Every mass of matter near the 
earth, when free to move, pursues a straight line towards its 
centre. The force by which this motion is produced is called 
gravity ; either the gravity of the body or the gravity of the earth ; 
for the attraction is mutual and equal, in accordance with the 
third law of motion. It is easy to understand why a small mass 
should attract a large one, as much as the large mass attracts the 
small one. Let A consist of one atom of matter, and B, at any 
distance from it, consist of ten atoms. If it be admitted that A 
attracts one atom of B as much as that one atom atti-acts A, then 
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the above conclusion follows. For A attracts each of the ten 
atoms of £ as much as each of the same ten attracts A ; so tliafc A 
exerts ten units of attraction on B, y/hile B exerts ten units of 
attraction on A. Tlie same reasoning obviously applies to tlie 
earth in relation to the small bodies on its surftice. 

15. Relation of Gravity and Mass. — At the same dis- 
tance from the centro of the eai'th, gravity varies as the mass. 
This is because it operates equally on every atom of a body ; hence 
the greater the number of atoms in a body, the greater in the same 
ratio is the atti-aetion exerted upon it. That gravity varies as tlie 
mass is also proved from the observed f^et, that in a vacuum it 
gives the same velocity, in the same time, to every mass, however 
great or small, and of whatever species of matter. For a constant 
force, acting for a given time, is measured hy the mometitumv/Mcl\ 
it produces (Ai-t. 13), and that momentum, if the velocity is the 
same, varies as the mass : therefore the force also varies as the 
mass to which it imparts the given velocity. 

If a body is not free to move, its tendency towards the earth 
causes pressure; and tlie measure of this pressure is called the 
iBeight of the body. Weight is usually employed as a measure of 
the mass in bodies. The foregoing relations are embodied in the 
following expressions : (/ oc 2 j ^'^^ ^^ °^ S- 

16. Relation of Gravity and Distance. — At different dis- 
tances from the earth, gravity varies inversely as the square of the 
distance from the centre. The demonsti-ation of this proposition is 
reserved for astronomy, where it is shown by the movements of 
the bodies in the solar system that this law appUes to them all. 

The moon is 60 times as far from the earth's centre as the dis- 
tance from that centre to the surface : therefore the attraction of 
the earth upon the particles of the moon is 3600 times less than 
upon particles at the surface of the earth. At the height of 4000 
miles above the earth, gravity is four times less than at the surface. 
But the heights at which experiments are commonly made upon 
thp, weights of bodies bear so small a ratio to the radius of the 
earth, that this variation is commonly imperceptible. At the 
height of half a mile, the diminution does not amount to more 
than about id'bu^^ P'^^ ^^ ^^^^ weight at the surface. For, let 
r = the radius of the earth = 4000 miles, nearly ; and let x be the 
height of the body, w its weight at the earth's surface, and w' its 
weight at the height x. Then, 

w.w':: (r+xy ir":: r' + Zrx+x^ : r'. 

) , n , 1 o , = • '"^ i%rx + x') . . 
w : w—w : : r + 2rx+x : xrx-i-x .: w—w = , „ ^ (A). 

Eiit when « is a small fraction of t, k" may be neglected, and 
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tlie formula becomes w — tv' = „ — (B). 

Jj^txh^ half a mile: then-7 ->, ■■■ , ■■■= Tn^fiTth part of the -whole 
■' 4000 + 1 '"" ^ 

■weight ; or, a body would weigh so much leas at the height of half 

a mile than at the surface of the earth. But if the height were as 

great aa 100 miles above the earth, the loss should be calculated 

by formula {A), since the other would give a result too small by 

one per cent, or more, according to the height. 

What loss of weight would a body sustain by being elevated 500 
miles above the earth ? Ans. I}, or more than \ of its weight. 

The relation of gravity to distance is expressed by the formula 

go;—; andas^Qc 5 also, it varies aa the product of the two; 
that is, ^ «c ™; or gravity towards the earth varies as the mass of 

the "body directly, and as tJie square of the distance from the- earth's 
centre inversely. 

17, Gravity within a Hollow Sphere. — A particle situated 
within a spherical shell of unifonn density, is equally attracted in 
all directions, and remains at rest. This is true, because, in every 
dii-ection from the body, the mass varies at the same rate as the 
square of the distance, so that attraction increases for one reason, 
as much aa it diminishes for the other ; which is proved as follows : 

Let the particle P (Fig. 1) be at any point 
wiUiin the spherical shell A B G D. Let two 
opposite cones of revolution, of very small 
angle, have their vertices at P, and suppose tlie 
figure to be a section through the centre of the 
sphere and the axis of the cones. Then J B ^fc 
and a b will be the major axes of the small 
ellipses, which are the bases of the cones, and 
which may be considered as plane figures. By 
geometry, A P : P B :: P i : P a; and the angles at P being 
equal, the triangles are similar; hence the angles S and « arc 
equal. Therefore, the bases of the cones are similar ellipses, being 
sections of similar cones, equally inclined to the sides. By similar 
triangles, A P' : P ¥ : A B"" : a V. l^t q and q' represent the 
masses of the thin lamina which form the bases ; then, since sim- 
ilar ellipses are to each other as the squares of their major axes, we 

,.,■:. ^ P- :P*-, or JL, = /jr. 

But -T^ and ^^ represent tlio attractions of the bases respec- 
A P' Po''- 
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tiyely on the particle (Art. 16); and since these are equal, the 
particle is equally attracted by all the opposite parts of the epheri- 
cal shell. 

18. Gravity within a Solid Sphere. — Within a solid sphere 
of uniform density, weight varies directly as tlis disiance from the 
centre. 

Let a particle P {Fig. 2) be within the solid Fio. 3. 

sphere ADC; and call its distance fram the 
centre d. Now, by the preceding article the 
shell exterior to it, .li D R, exerts no influence 
npon it, and it is atti'acted only by the sphere 
P R S. Let q represent the quantity of this 




sphere ; then gravity varies as ■—. But q^^r. <F; 

.•.gcc^xd. Hence, in the eai-th (if it be supposed spherical 

and uniformly dense, though it is neither exactly), a body at the 
depth of iOOO miles weighs three-fourths as much as at tiie suiiace, 
and at 3000 miles it weighs half as much, while at the centre it 
weighs nothing. 

Comparing this proposition with Ari 16, we learn that jcet at 
the surface of the earth a body weighs more than at any other 
place without or within. Within, the weight diminishes wea^'^y as 
the distance from the centre diminishes ; without, it dimmisbes as 
the square of the distance from the centi-e increases. 

At the surface of splieres having the saim density, weight varies 
as ike radiiis of the sphere. Let r he the radius of the sphere, and 

o its mass ; then, since a o: ^-, in this case it varies as — = oc n 

Therefore, if two planets have equal densities, the weight of bodies 
upon them is as their radii or their diameters. If a ball two feet 
*n diameter has tbe same density as the earth, a pai-tiele of dust at 
its surface is attracted by it nearly 31 millions of times less than it 
by the earth. 

19. Question.^ for Practice. — 

1. How much weight would a rock that weighs ten tons 
(32,400 lbs.) at the level of the sea, lose if elevated to the top of a 
moantain five miles high? Ans. 55.8953 lbs. 

3. If the eaHli were a hollow sphere, and if, through a hole 
bored through the centre, a man were let down by a rope,.would 
the force required to support him be increased or diminished aa 
he descended through the solid cmst, and where would it become 
equal to nothing ? 

3. How much would a 44-pound shot weigh at the centre of 
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tlie earth ; how mOcli at a point half way from the centime to the 
Burfaee ; and how much 100 miles below the surface ? 

4. If a hole were bored through the centre of the earth, and a 
stone were dropped into it, in what manner would the stone move 
in its Avay to the centre and after it reached the centre ? 

5. Suppose a 33-pound cannon-ball, fired with the velocity of 
2,000 feet per second, to have the same momentum as a battering- 
ram whose weight is 5760 pounds ; find the velocity of the latter. 

Am. 11.11 ft. per sec. 

6. Suppose light to have weight, and one grain of it moving at 
the rate of 193,000 miles per second, to impinge directly against a 
mass of ice moving at the rate of 1.45 feet per second, aud to stop 
it; requireh the weight of the ice. 

Ans. 99877.832 Ihs., or nearly 44^ tons, reckoning 7000 gr. -1 lb. 

7. If a ball of the same density with the earth, Vgth of a mile 
in diameter, were to fall through ifs own diameter toward the 
earth, what space would the earth move through to meet the ball, 
the diameter of the earth being taken at 8,000 miles ? 

^»s- 5(55311^^^55 i"ch, nearly. 

8. Two men are pulling a boat ashore hy a rope, one at each 
end, A being in the boat and B on the shore; how will the time 
of bringing the boat ashore compare with the time in which A 
^voiild pull it ashore alone, were the other end of the rope fixed to 
an immovable post ? 

9. Suppose the rope to pass from A in one boat to B in 
another equal boat ; how fast will B's boat move F will A's boat 
have the same velocity as when B was on the shore ? 



CHAPTER II. 

VARIABLE MOTION. FALLING CODIES. 

20. ITiiifomi Motion repressntsd Geometrically. — When 
a body moves uniformly for a given time, the space described 
equals the time multiplied by the velocity 
(Art. 6). Therefore, if one side of a rect- . ^^^- ^■ 

angle represents the time of motion, and 
an afljiicent side the uniform velocity, the 
. area of the rectangle will represent the 
space descriljed in that time, because the 
area equals the product of two adjacent 
Bides. Thus, let A B, B 0, &e. (Fig! 3), 
represent any equal portions of time, and 
A F, B G, &c., the uniform velocity; 
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ACCELEEATBD MOTION. 13 

then A G, B H, &c., may be used to repreGeut the spaces de- 
Bcribed, and the rectangle A L may represent the space passed 
over with the velocity A F, in the time A E. 

21. Velocity Increased at Finite Intervals.— Suppose 
the body to receive equal impnlses at the beginning of all the 
equal portions of time, A B, B C, &c (Fig. 4). Then, A F being 
the velocity given by the first im- 
pulse, H, K L, &C, the ineremeuta f 
of velocity, will each be equal to -4 .F; 
and B H, the velocity during the b - 
second portion of time, equals ^ A F; 
Ci,tbatofthethird,eqvials3 J -P,&c. ,- 
Therefore, B G, G K, D M, &c, are 
as 1, 3, 3, etc. But A B, A C, A D, ^ 
&c., are as 1, 3, 3, &c. Hence the tri- 
angles A B G, A C K, &C., are simi- 
lar, and the same straight line A 
passes through the angles of all the rectangles, Now these rect- 
angles represent the successive spaces described in the equal 
times, and their sum represents the: whole space described in the 
time A E. This exceeds the triangle A E \rj the sum of the 
small equal triangles A F G, G H K, &c. 

22. Uniformly Accelerated Motion Represented. — Let 

the increments of time and velocity (Pig. 5) be half as great as 

before. Then the sura of all the rect- , 

angles, or the whole space described, 

exceeds the triangle A E hj _the 

sum of the triangles Afg,gFG,& 

These triangles are one-half the si 

of those in Fig. 4. Therefore, by c 

tinually halving the increments of ■ 

time and velocity, the sum of the leet- i 

angles continually approaches the 

area of the triangle; and when these 

increments become infinitely small, 

the first velocity beeoraes seio, and the sum of the rectangles 

equals the triangle. Therefore, tbe space described by a body 

which begins to move from lest by the action of a constant force 

may he represented by a right-angled tiiangle, as A E, wliose 

side A E represents the time, and the side E the last acquired 

velocity. 

Such motion is said to be uniformly accelerated (Art, 11). An 
example of this is found in the faJl of a body in a vacuum. For 
gravity acts incessantly, and within the range of our cxpeiimcnts 
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it may he considered as acting with equal intmsiiy. The proper- 
ties of the triangle enable us to ascertain very readily the laws of 
the fall of a body, 

23. Laws of the Fall of Bodies.—- When bodies fall from 
rest by the force of gravity, and unobsti'ueted by tiie air, the fol- 
lowing relations exist between the space, time, and velocity; 

1, TJie spaces vary as tlie squares of the times. 

3. The spaces vary as the sqiiares of the acquired velocities. 

Z. The times vary as the acquired velocities. 

For let s be the space described, v the velocity aequired by a 
body falling from rest for the time t, s' the space described, v' the 
velocity acquired at any other period t' of its fell ; then, ftom what 
has already been demonstrated, if t and t' be represented by the 
lines A B and A D (Fig. C), and v and v' by the lines B and 
D M, drawn at right angles to them, s and s' will bo sm. 6, 
represented by the triangles AB C,ADE. Now, 
ABG:ADE::AB':AD';o^,asBG':DE'; 
hence, s:s' ::£'■. i", or as v" : v". 

As equal increments of velocity are generated in 
equal times, it is ferther evident that the velocity 3 
acquired varies as the time ; tlie same conclusion 
may also be deduced from the similar triangles ^ 
A B a,ADE;iovB 0:DE::AB:AD,le.v:v'::t:t. 

Since the spaoes described ai'e as the sqiiai-es of the times, if 
a body falls from rest during times which are represented by the 
numbers 1, 3, 3, 4, 5, &c., the spaces described in those times will 
he as the square numbers 1, 4, 9, 16, 35, &c. ; and the spaoes de- 
scribed in equal snccessive portions of time will be as the odd 
numbers 1, 3, 5, 7, 9, Ac, as exhibited in the following table: 



t™=. 


Spaces desciibed. 


Spaces describe 


in equal successive portions of Unie, 


3 
4 


4 
9 
16 


In I St portio 

2(1 

3d ■' 
4tli '■ 

6tlT " 


n of time . 


. .4-1=3 
. ,9-4=5 
. .16- 9 = 7 
. .2;-l6 = g 







The odd number expressing the space described in any unit 
of time, and which is found in the above table by taking the differ- 
ence of the squares of successive numbers, may also be obtained by 
subtracting ow from twice the number of units in the time. 
Thus, in the table, 3:^2x2-l;5^3x3-l, &c. This 
is true to any extent. Lot n represent any whole number; the 
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number nest loss is w — 1. The space described in n units of 
time is i-eprosented by n", and that described in « — 1 niiits, by 
{n — ly. Therefore, the space described in the mtli unit is repre- 
sented by n' — {n — ly ~ 2 n — 1. This is an odd number, 
and it equals twice the given number, less one. 

24. Unifonnly Retarded Motion.— If a body be projected 
perpendicularly upward in a vacuum, with the velocity which it 
has acquired in felling from any height, it will rise to the point 
from which it fell, before it begins to descend agam, and the mo- 
tion will be uniformly retarded. As the force of gravity adds 
equal velocities in equal times to a descending body, so it desti'oys 
equal velocities in equal times in a body which is ascending. The 
space* described in successive units of time, by a body thus ascend- 
ing, reckoning from the beginning of its motion, will be the same 
as those stated in the foregoing table, but in an inverted order: 
thus, if the time be divided int* foiir equal parte, then the spaces 
described in the descent of tlie body dnring these equal tunes are 
as the numbers 1, 3, 5, 7, bnt in its ascent they will be as 7, 5, 3, 1 ; 
that is, the space described in the flrst portion of time, in its 
ascent, will be the same as that described in the last, in its de- 
scent, and so on tili the body arrives at its highest point. 

25. Acquired Velocity. — If a body moves unifonnly with 
the acquired velocity, it will pass over twice as gi-eat a space, in 
the same time, as it fails through to acquire it. _ 

Let the triangle ABC (Fig. 7) represent the ' 
space described by gravity in the time A B, and 
B C the last acquired velocity; produce A B io 
D, making B D equal to A B, and complete the 
rectangle B E; then, if a body moves during the b _ 
time B D with the uniform velocity represented 
by B C, the space described in that time will be 
represented by the rectangle B B; but the tri- 
angle A B C \s half B E; hence the space de- 
scribed with the velocityS Ccontinued uniformly 
is twice that which would be described in the same time A B, 
felling from rest. 

Since the space described by a body felling from rest is half 
that which it would describe in the same time with its greatest 
velocity continued uniformly, and since a body projected per- 
pendicularly upward rises to the same height as that from which 
it must fell to acquire the velocity of projection, the whole space 
described by a body projected perpendicularly upward is hcdf that 
■which it would describe in the same time with its first velocity 
confcinned uniformly. 
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25. Projection Doivnward. — The space described in any 
time by a body projected downward with a given velocity ia equal 
to the space which would be described with that velocity continued 
■aniformly during that time, together with the epace through whicli 
a body would fall from i-est by the action of gravity in the same time. 
Let A D {Fig. 8) represent the given velocity of projection, and 
A B tlie given time, and complete the rectan'gle 
A E\ produce B E to C, and let E G represent _ Fic^S. 
the velocity generated by gravity in the time A B 
or D E, and join D 0. Then the body, moving 
hy projection alone (Art 30), woidd describe the 
rectangle A M\a. the time A B; but, by gi-avity 
alone, it would describe the triangle D E G (Art. 
33). Hence, by tlia coexistence of both motions 
(Art 13), it would describe the trapezoid A G. 

27. Projection Upward. — The space described by a body 
ascending for a given time is equal to tlie space described uni- 
formly with the velocity of projection in that time, diminished by 
the spa^je fitllen through from rest in the same time- 
Let B G (Fig. 9) be tlie velocity of projection, and A B the 
time in which a body would acquire that velocity p^^ g^ 
in Silling from rest Thenthe triiingle-^5 (7repre- ^ 
seats the space through which it would ascend before 
the velocity is lost. Let B E "bo the given time of 
ascent; then the rectangle B D is the space de- j 
scribed in the time B E, with the velocity B C con- 
timied uniformly, and CDF (similar to ^ .S C) the 
space fallen through in the same time. But the part ^ 
B E F C of the triangle A B G i'A the space through which the 
body ascends in the time B E; and this is equal to the difference 
of the rectangle B D and the triangle CDF. 

28. Formulse for the Fall of Bodies.— The distance 
through which a body falls in a vacuum in one second o'f time 
varies on different pai"ts of the earth. Between latitudes 40° and 
50°, it is very nearly 16^^; feet, or 193 inches. Therefore (Art. 25), 
at the end of the second the body is moving with a velocity which, 
if gravity were to cease, would carpy it over 33J feet per second. 
Let g = 33^ feet, the velocity acquired in one second of fall. Then 
^ (/ — 16j'^, the distance of fall in tlie first second. Let s be the 
space described, and v the velocity acquired, in any other time t. 
Then, according to Uie laws of variation (Art, 33), we have : 
(l.)s:ii/::i' :!';.• 

(a.) and 



= /5 
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(3.) s:is 
(-1.) . . 

(«■) ■ . 



and 



. t ^-. 

9 
v=gL 



29. Space and Time Eepreiented by Co-ordi;iates,— 
The relation of space and time in different idnda of motion may 
be well i-epresented by the rcctaiigiilai" co-oi-dinatee of certain lines. 
Thus, in v.niform motion we have 

in -wliich v is constant. This may bo ^"i- 10- 

regarded as the equation of a straight 
line passing through the origin, and 
making with the axis of abscissas an 
angle, whose tangent is v. Therefore, 
if any abscissa A G (Fig. 10) repre- 
sents the number of nnits of time oc- 
cupied in the motion, the coiTesponding ordinate CI) will repre- 
sent the space passed over. 

Again, for the uniformly accelerated motion of a falling body 
we have 

Tills is tbo cq^uation of a parabola whose parameter is 
Therefore, if the pai-abola A B {Fig. 11) be described, having 
- for its parameter, and the time of fall- pig, ii_ 



ing is represented by any ordinate C D, 
the corresponding abscissa A G will 
represent the space fallen through. 

This is illustrated by Morin's appa- 
ratus, where a body falls parallel to the 
axis of a nniformly i-evolving cylinder, 
wrapped with papery against which a 
pencil, attached to the falling body, 
gently presses. When the paper is un- 
wound and developed upon a plane, the i 
is found to be a parabola. 

30. Applications of FonnislEe for the Fall of Ecdies. — 
1. A body falls 6 seconds ; what space does it pass over, and 
what ufl/ocii!/ does it acquire? Ans. s=5'('9ft, «= 193 ft. per sec. 




e traced by the pencil 
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2. How far imiet a body fall to acquire a velocity of 50 feet per 
second, and how long will it be in falling ? 

Ans. s = 38.86 ft. ( = 1.55 see. 

3. A body fell from the top of a tower 150 feet high ; hoto long 
was it in fallingj and what velocity did it have at the bottom ? 

Ans. t = 3.054 see. v = 98.33T ft. 

4. If a ball be thrown upward with a velocity of 100 feet per 
eecond, what Imght will it reach ? Ans. 155,44 ft 

5. Suppose a body to fall during 3 seconds, and then to move 
tiniformly during 3 seconds more, with the velocity acquired; 
what is the whole distance passed over? 

The space fallen through is l%f\, x 9 = 144| feet. The velo- 
city acquired is 33^ x 3 = 96^ feet. The space described uni- 
foi-mly is 96|- x 2 = 193 feet. Therefore the whole space is 
144| + 193 = 337| feet. 

6. A ball fired perpendicula,rly upward was gone 10 seconds, 
■when it returned to the same place ; how high did it rise, and with 
what velocity was it projected? Aiu. s^lOa^'j ft., d— 160| ft. 

31. Space in any Given Second cr Seconds of FalL — 

Since the spaces described in the successive units of time. are as 
the odd numbers, and as ^ r; is described in the first second, there- 
fore 3 X ^ ^ is described in the second, 5 x ^ ^ in the third, and 
generally (3 ra ~ 1) x Igm the «th second. 

1. How far does a body move in the 14th second of its fall? 

Ans. 434| ft. 

2. A body bad been falling 3 minutes; how far did it move in 
the last second ? Jws. 3843 1. J feet. 

The space described in the last m seconds is found thus: The 
space in the whole time i, — ^ ff ^' ; and in the time t ~ m, the 
space ~ \ g {J; ~ mf. Subtracting the latter from the foi-mer, we 
find the space described in the last m seconds to be ^ g' (3 m i — m'). 
When m = 1, this becomes for the space in the last second -J g 
{it — 1). This is the same form of expression as was found 
above, where n was a whole number of seconds, Therefore, the 
space described in any one second of the fall, whether the time 
from the beginning is an integral or a fractional number, is found 
by multiplying ^ ghj twice the number of seconds minus one. 

3. What space was described in the last two seconds by a body 
which had fallen 300 feet? Ans. 313.58 feet. 

4. A body had been falling 8^ seconds ; how far did it descend 
in the nest second ? Ans. 289A ft. 

32. Calculation for Projection Upward or Downward. — 
A body projected downwai-d describes t v feet by the force of pro- 
jection, and ^g f feet by the force of gravity (Art. 26). A body 
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projected upward describes i vhy tiie force of projeetion ; but this 
is diaiiiiished by A ^ f, which gravity would cause it to describe in 
the same time (Art, 37). Therefore the formula for space de- 
scribed by a body projected downwai-d is ( j; + i 9 t'', by a hotly 
projected upward, the forranla is i v — ^ g f. 

1. A body is projected downward with a velocity of 30 feet in a 
second; how far will it fall in 4 seconds? Am. %tt\ ft, 

3. A body is projected upward with a velocity of 190 feet in a 
second; how far will it rise in 3 seconds? Ans. 315| ft. 

3. Suppose at the same instant that a body hegins to fall from 
rest from the point D (Fig. 12), another body is projected 
upward from B with a velocity which would carry it to ^ ; '^^'^- 13. 
it is required to find the point where they would meet. 

Let l)e the point where the bodies would meet; and 
\s.\.AB^a,BD = b,DC=x; then will .4 i> -a—h, 
AO=a-i-\-x. 1 

Mow the time of descending through D C = (~~) t ^'^^ 
the time of ascending through B C {= time down A B ~ 

/2«\f / a (« - - 



time down^ 0) - 



; but tlie time 



down D G must be 



to the time up B C; hence we have 

.-. {a — h + x)-i= al— a;"^,anda — l ■\-x = a^x—%{ax)^; 

.: 3 (« 2')^ = l.ov 4. a X = bK a^?i X = ^. ' " 

4. Suppose a body to have fallen from AUi B (Kg.. 13), when 
another body begins to fall from rest at D; how far will the latter 
body fall before it is overtaken by the former? 

Let G be the point where one body overtakes the other, Pro- JS. 
mA\^tAB = a,BD=b,D G=x; then^ C = o; + 5 + a^ 

Now time down D G — / — I , and time Sown B G ■= time 
do™ AV- «ma down 'a b =I^-M+1+J^f - ^ff; 

but at the moment when the lower body is overtaken, time 
down D C = time down B C, or 



/2 x\^_ / 3 (a + 6 -fl- x'y A /2 B\i-. 



33. Questions on Falling Bodies.— 

1. The momentum of a meteoric stone at the instant of 



:yGoogle 



30 MECHANICS. 

striking the eartb was estimated at 1S435 foot-pounds, and it had 
been falling 10 seconds; from what height did it fall, and what 
was its weight? Am. 16081 ^i 5f.31 lbs. 

3, An archer wishing to know the height of a tower, fonnd 
that an arrow sent to the top of it occupied 8 seconds in going and 
returning ; what was the height of the tower ? Ans. 357^ ft. 

3. In what time would a man iiill from a balloon three miles 
high, and what velocity would he acquire ? 

Ans. t = 31.38 sec ; t' - 1009.39 ft. 

4. A body having fallen for 3J seconds, was afterwards observed 
to move with the velocity which it had acquired for %\ secondfi 
more; what was the whole space described by the body? 

Ans. 478| ft., very nearly. 

5. Through what apace would the aeronaut (in Question 3) MI 
during the last second ? Ans. 993.3 feet 

6. A body has fallen from the top of a tower 340 feet high; 
what was the space described by it in the last three seconds? 

Ans. 398.957 ft. 

7. Siippose a body be projected downward with a velocity of 18 
feet in a second ; how far will it descend in 15 seconds ? 

Am. 3888| ft. 

8. A body is projected upward with a velocity of 65 feet in a 
second; how far will it rise in two seconds? ^ires. 65§ ft. 

9. Witli what velocity must a stone be projected into a well 
450 feet deep,' that it may arrive at the bottom in four seconds? 

Ans. 48^ ft. in a second. 

10. The space described in the fourth second of fall was to the 
space de^ribed in the last second except four, as 1 : 3 ; what was 
the whole space described by the body ? Ans. 3618| ft. 

11. A staging is at the height of 84 feet above the earth. A 
hall thrown upward from the earth, after an absence of 7 seconds, 
fell on the staging; what was the velocity of projection? 

Ans. 134.58 ft. per second. 
13. A body is projected upward with a velocity of 483 feet in a 
second; in what time will it rise to a height of 1610 feet? 

Ans. t — 3.82 sec, or 36.3 sec. 

13. From a point Sli-j feet above the earth a body is projected 
upward with a velocity of 161 feet in a second ; in what time will 
it reach the surface of the earth, and with what velocity will it 
strike ? Ans. t = 11.3 sec, w = 195 ft. 

14. Suppose a body to have fallen through 50 feet, when a 
second body begins to fall just 100 feet helowit; how far will 
the latter body fall before it is overtaken by the former ? 

An.i. 50 ft 

15. A body is projected upward with a velocity of 64^ feet in a 
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seeoJid ; how far abovo tha point of projection ivill it "be at tlie end 
of 4 seconds ? Ans. it. 

16. A body is projected upward with a velocity of 128| feet in 
a second; where wiil it be at the end of 10 seconds ? 

Ans. 331f ft, below the point of projection. 
[See Appendix for the discussion of the Ml of bodies by the 
Calenlas.] 

34. Atwood'a, Machine. — Accnrate obserrationa on the di- 
rect fall of a body cannot be easily ^^ ^4 
made, on account of its great velocity , 
and if they could be, the relations be 
tween time, apace, and acquired velo 
city, woxild not be found to agree with 
those obtained by calculation, on ic 
count of the resistance of the air. Ex- 
periments on falling bodies are usually 
parformed by an instrumeat known as 
Atwood's machine, represented in Pig. 
14. From the base of the instrument, 
which is furnished with leveling screws, 
rises a substantial pillar, about seven 
feet high, supporting a small table upon 
the top. 

Above the table is a grooved wheel, 
delicately suspended on friction- wbeels, 
and protected from dust by a glass case. 
Two equal poises, M and J/', are at- 
tached to the ends of a fine cord, which 
passes over the groove of tlie wheel. As 
gi-avity exerts equal forces on M and 
M', they are in equilibrium. To sot 
them in motion, a small bar m is placed 

on M, which will immediately begin to 

descend, and M' to rise. But this mo- 
tion will be slower than in falling freely, 

because the force which gravity exerts 

on the bar must be communicated to 

the poises, and also to the revolving 

wheel ovei' which the cord paBses. By 

increasing the poises Jf, ¥"', anddimin- "^J^' 

ishing the bar m, the motion m ij be 

made as slow as we plea&e ^ 13 1 

simple clock attached to the pillar foi £ 

measuring seconds ind foi dropping 1% 1 

the poise jy at the heginmnj, of aiibia 
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tion of the pendiiliim, § is a scale of inches estending from tlie 
base to the table. The stage A may he chiniped to any part of the 
scale, in order to stop the poise M in its descent, as represented at 
C. The ring B, wliieh is large enough to allow the poiae, bnt not 
the bar, to pass through it, is also clamped to the scale -wherever 
the acceleration is to cease. 

Let M be raised to the top, and held in place by a support, and 
then let the pendulum be set Tibrating. When the index passes 
the zero point, the clock causes the support to di^op away, and the 
poise descends. The pendulum shows how many seconds elapse 
before the bar is arrested by the ring, and how many more before 
the poise strikes the stage. From the top to the ring the motion 
is accelerated by the constant fraction of grawty acting on it; 
from the ring to the stage the poise moYes uniformly with the 
acquired velocity. All the formulse relating to the fall of a body 
can therefore be illustrated by these slow motions. Moreover, the 
resistance of the air is so much diminished when the motion is 
slow, that a good degree of correspondence is found to exist be- 
tween the experiments and the results of calculation. 

35. Living Force. — We have seen that -when a body is pro- 
jected npward in a vacuum, the height to which it will rise varies 
as the square of the velocity of projection. In the ascent, tlie 
body is constantly and uniformly opposed by gravity. If the 
motion of a given body were opposed by any other uniform ob- 
struction, the distance . it would proceed befoi-e coming to rest 
would also vary as the square of the velocity. This power to over- 
come a constant resistance varies, therefore, not as the mo- 
mentum—that is, as the product of mass and velocity q v — bnt as 
the product of mass and square of velocity q if', and it is called 
the vis viva or living force, in distinction from vis inertim or dead 
form. If a hall weighing one pound move with the velocity of 
2,000 feet, and another ball weighing kvo pounds move with the 
velocity of 1,000 feet, then the momentum {q v) of the first equals 
that of the second. But the living force {q v') of the first is twice 
as great as that of the second ; for 1 x 2000' : 2 x 1000' : : 2 ; 1. 
The first body, in its ascent, will reach four times as great a height 
as the second ; or, if the two halls he fired into a bank of earth, 
the first will penetrate four times as far as the second. 

In practical mechanics, the living force is generally called the 
working power ; and the work which it will perform is therefore 
measured by the mass multiplied by the square of the velocity. 
The working power of the steam in a locomotive is employed in 
maintaining a certain velocity in the train, in spite of gra^e, fric- 
tion of rails and machinery, and resistance of the air. If the power 
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of the steam were wholly cut off, tlie train would be uniformly re- 
tarded by the constant resiataDces, until, after running a certain 
distance, it would come to rest. But if the velocity of the train 
had been hoice as great, it would have run four times as fur before 
stopping; it would also have required four times as great a force 
to give the train this double velocity. Both of these tacts, one rfr- 
lating to the effect, the other to the cause, show that tlie working 
power is to be estimated according to the square of the velocity. 
So the working power employed in moviog any kind of machinery, 
which presents a constant resistance, varies as the square of the 
velocity imparted, and the work performed by the machinery is 
reckoned in the same way. To give a missile greater velocity is 
more advantageous than to increase its mass. A 40-pound ball, 
with 1400 feet velocity, is 7 times more efficient in penetrating 
the walls of forts and the hulks of ships than a S80-pouud hall with 
200 feet velocity, though the momentum is the same in each ease. 

36. Measure of rorce. — In Art 13 force is said to be 
measured by mmmnfum, orfa:.q v; and in Art 35 it is said to be 
measured by the worh performed, or frx-q v'. But these state- 
ments are not to he considered as inconsistent with each other; 
for in the first case, force has reference to inertia ; in the second 
case it has reference to ivork. When a force acts on a body that is 
free to move without obstruction {which is, however, only a sup- 
posable case), the effect is perpetual; the body will move on 
uniformly forever. If the foree had been greater, the velocity 
would have been greater in the same ratio. But when resistances 
oppose (as ia always true in practice), then the force ia expended 
iu overcoming them, and this is the work to be performed ; and if 
the force ceases to operate, the niotion will at length cease also ; 
but, as has been shown, the space passed over, and therefore the 
work performed, will vary as the square of the velocity. 

When force is employed to perform work, it is by soroe miters 
called energy, to distinguish it from force as nged in producing 
momentum. Hence energy varies as the product of the mass and 
the square of the velocity. 



CHAPTER III. 

COMPOSITION AND RESOLUTION OP MOTION, 

37. Motion by Two or More Forces. — Motion produced 
-by a single force, either impulsive or continued, has been already 
considered. But motion is more generally caused by several forces 
acting in different directions. 
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"Wlion two or more forces act at once on a body, each force ia 
calM a cmnponent, undi the joint 'effect is called the resultant. 
Forces may be represented by the straight lines along which they 
would move a body in a given time ; the lines represent the forces 
in two particulars, the directions in which they act and their rela- 
tive magnitudes. Whenever an arrow-hea<l is placed on a line, it 
BhoWB in which of the two directions along tliat line the force acts. 

38. The Farallel<^am of Forces. — This is the name 
given to the relation which exists betweeen any two components 
and their resultant, and is stated as follows : 

If two forces acting ai once on a hody are represented ly tlie 
adjacent sides of a parallelogram, their resultant is expressed by the 
diagonal which passes through the intersection of tluose sides. 

Suppose that a body situated at A (Fig. 15) receives an impulse 
which, acting alone, would carry it 
oyer A Bin a given time, and an- *'^*^' ^''■ 

other which would carrj' it over A C / 

in the same length of time. If both 
impulses are given at the same in- 
stant, the body describes A D in the 
same time &% A B by the first force, 
or A C by the second, and the motion in ^ i> is uniform. 

This is an instance of the coexistence of motions, stated in the 
second law of motion (Art 13). For the body, in passing directly 
from A to D, is making progress in the dii-ection A C &s rapidly 
as though the force A B did not exist; and at the same time it 
advances in the direction A B a.& fast as though that were the only 
force. When the body reaches D, it is as far from the line A B os 
if it had passed over A C; it is also as far from tlie line .d (7 as if 
it had gone over A B. Thus it appears that both motions A B 
and A C fully coexist in the progress of the body along the diag- 
onal A D. That the motion is uniform in the diagonal is evi- 
dent from the law of inertia ; for the body is not acted on after it 
leaves A. 

It is evident that a single force might produce the same effect ; 
that force would be represented, both in direction and magnitude, 
by the line A D. The force A D'ls said to be equivalent to the 
two forces A B and A C. 

39. Velocities Represented. — The lines A B and ^ C are 
described by the components separately, and the line A D by their 
joint action, i» the same kngthoflime. Hence i\t& velocities in 
those lines are as the lines themselves. In the parallelogram of 
forces, therefore, two adjacent sides and the diagonal between them 
represent — 
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1st. Tlie directions of the components and resultant; 

2d. Their relative ma^wiVwi/^; und 

3d. The r-jlative velocities with which the lines are described. 

40. The Triangle of Forces. — For purposes of calculation, 
it is more convenient to represent two components and their re- 
sultant by the sides of a triangle, than by the sides and diagonal 
of a parallelogram. In Fig. 15, C D, which is equal and pai-alle! to 
A B, may represent in direction and magnitude the same force 
which A B represents. Tlierefore, the components are A C and 
C D, while tlieir resultant is A J) , and the angle C m the ti langle 
is the supplement of CA jS, the angle between the components. 
Care should be taken to construct the tiungle so that the sides 
representing the components maj be taken in succession m the 
directions of the forces, sa, A C, C D, then -i D eorrectlj repre- 
sents their resultant. But, although .1 C and A B rtpicsenfc the 
components, the third side, C B, of the ti-iangle A C B, does not 
represent their resultant, since A C and A B cannot be taken suc- 
cessively in the direction of the forces. It is necessary to go back 
to .^ in order to trace the line A B. It should be observed, that 
though CD represents the magnitude and direcH07i of the compo- 
nent, it is not in the line of its action, because both forces act 
through the same point A. 

41. The Forces Represented Trigonometrically.— Since 
the sides of a triangle are proportional to the sines of the opposite 
angles, these sines may also represent two components and their 
resuhant Thus, the sine of C A D corresponds to the component 
A B(= CD); the sine of C D A {= D A B) coiTesponds to the 
component A C; and the sine of (= sine of CA B) corresponds 
to the resultant A D. Each of the three forces is therefore repre- 
sented by tlie sine of the angle between tlie other two. 

42. Greatest and Least Values of the Resultant-— A 
change in the angle between the components alters the value of 
the resultant; as the angle increases from 0° to ISO", the resultant 
diminishes from the sum of 

tlie compoftents to their (^t^cr- ^^°- ^^- 

ence. In Fig. 16, let C ^ j^ 
and D A B \>6 two different 
angles between the same com- 
ponents A C (or A Li) and 
AB. AsCA Bis less tlian 
DAB, its supplement A B F 
is greater than ABU, the ■ 
supplement of D A B; there- 
fore A F is gi-cater tb:in A E. When the angle C A Bis dimin- 




:yGoogle 



26 



MECHANICS. 



iahed to 0°, tlie sides A B, B F, become one straight lino, nnd A F 
equals their sum; when i> ^ B is enlarged to 180°, E falla on 
A B, and A B equals the difference of A B and A 0. Between 
the sum and diffei-ence of the components, the I'eaultant may have 
ail possible values, 

43. The Polygon of Forces. — All the sides of a polygon 
except one may represent so many foi-ces acting at the same time 
on a body, and the i-emaining side will represent their resultant 
In Fig. 17, suppose A B, A 0, 
and A D, to represent three 
forces acting together on a body 
at A. The resultant of -4 ^ and 
^ C is represented by the diag- 
onal A E; and the resultant 
oZ AE and ADhj the diagonal 
A F. A& A IP in equivalent to 
AE Siad^AD, and .4 5" is equiv- 
alent bi A B and A G, therefore 
^ i^ is equivalent to the three, ^1 1 
suhstitnte B E for A G, and F F tor A D, then the three 
nents am A B, B E, and E F, three sides of a polygon, 
resultant A E \& the foiirth side of the same polygon. 

So, in Pig. IS, A B, B C, C D, D F, and E F, may represent 
the diroetioua and relative magni- 
tudes of five forces, which act simul- 
taneously on a body at A. The i-e- 
sultant of -^ 5 and S C is .4 G; the 
resultant of ^ (7 and C O is -4 -D ; 
the resultant of j4 .D and D E ia 
A E; and the resultant of ^ ffand 
FEis A F; which last is therefore 
the resultant of all the forces, A B, 
B G,GD,DF, and j'^; the com- 
ponents l>eing represented by five 
sides, and their resultant by the sixth side, of a polygon of six 




', A 0, and A Z>. 



But if we 
compo- 




44. Curvilinear Motion. — Since, according to the first law 
of motion, a moving body proceeds in a straight line, if no force 
disturbs it, whenever we find a body describing a curve, it is cer- 
tain that some force is continually deflecting it from a straight 
line. Besides the original impulse, therefore, which gave it 
motion in one direction, it is subject to the action of a continued 
force, which operates in another direction. A familiar example 
occurs in the path of a projectile. Suppose a body to be thrown 
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Fig. 10. 




froiii P (Fi;;-. 191, with an impulse wliich would alone carry it to 

3"; in the same time in irhich gravity itloiie would carry it to V. 

Oonipiete the parallelogram P Q ; 

then, as both motions coexist (2d 

law), the body at the end of the 

time will be found at Q. Let t be 

the timeof describing i^iVorPF; 

and let f be the time of descnbing 

P M \>y the impulee, or P L by 

gravity. Then, at the end of the 

time t', the body will be at 0. Kow, 

as P Ni& described unifonnly, 

l'N\FM\:t:t';.:PN':PM':: 

i'-.r. 

But (Art-. 23), PV:P Lf.t': t"\ 
.: py-.PL-.-.PN-'-.PM'; 

Hence, the curve is such that P Fee Q V ; that is, the abscissa 
varies as the square of the oi-dinate, which is a property of the 
iiaraboia. P Q is therefore a parabola, one of whose diametera 

. . QV 

is P V, and the parameter to tliat diameter is -p—p 

Oiviiig to the resistance of the air, the curve deviates sensibly 
from a parabola, especially in swift motions. 

45 Calculation of the Resultiiit cf Two Impulsive 
Forces. — When two components and the angle between them are 
given, the resultant may be found both in direction and magni- 
tude by trigonometry. The theorem required is that for solving a 
trianglo, when two sides and the included angle are given ; but the 
included angle is not that between the components, but its supple- 
ment (Ai-t 40). In Pig. 15, ii A B = 54, and A 0^ 2:i, and 
A B = 75°, then ,4 Dia the triangle for solution, in which 
A C^2Z, CD ^ 54, and A CD = 105=. Performing tlic cal- 
culation, we find the resultant AD = 63.aG3, and the angle D A II, 
whieli it makes with the greater force, = 19° 35' 43". This 
method ivill apply in all cases. 

1. A foot-ball received two blows at the same instant, one directly 
east, at the rate of 71 feet per second, the other exactly northwest, 
at the rate of 48 feet per second ; in wliat direction and with what 
velocity did it move? Ans. ^".47° 30' 53" E. Vel. = 50.253. 

The process is of course abridged, if the forces act at a right 
angle with each other, as in the following example : 

3. A balloon rises 1120 feet in one minute, and in the sama 
time is borne by the wind 370 feet ; what angle does its path mako 
with the vertical, and what is its velocitv per second? 

Ans. 18" IG' 53"; v = 19.059. 
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In the next examplej one component smtT the angle which each 
component makes ivith the resultant, are given to lind the result- 
ant and the other component. 

3. From an island in the Straits of Snnda, we sailed S. B. by 8. 
(33° 45') at the rate of G miles an hour; and being carried by a 
cun-ent, which was ranning toward the S. W. (making an angle 
■with the meridian of 64° 13['), at the end of four hours ive came 
to anchor on the coast of Java, and found the said island bearing 
due nortli ; required the length of the line actually described by the 
ehlp, and the velocity of ilie viirrent ? 

Ans. s = 2G.4 miles. 

V ~ 3.7024 miles per hour. 

If the magnitudes and directions of any nnmber of forces are 
given, the resultant of them all is obtained by a repetition of tlie 
same process as for two. In Fig. 18, first calculate A C, and the 
angle A C B,hy means of .^ B, B C, and the angle B. Subtract- 
ing A B from B G D,v!<i have the same data in the next tri- 
angle, to calculate A D, and time proceed to the final i-esultant, 
AF. 

As it is immaterial in what order the components arc intro- 
duced into the calculation, it will diminish labor, to find first 
the resultant of any two equcU compo- 
nents, or any two which make a right ^^^- ^■ 
angle with each other ; since it can be 
done by the solution of an isosceles, or 
a right-angled triangle. 

4, The particle A (Fig. 20) is urged 
by three equal forces A B, A C, and 
A D; the angle B A = 90% and 
C A D = ^b°; what is the direction of a ^ti; 
the it'sultaiit, and how many times J Zf ? 

Ans.BAF- 80° 16', and 
AF:AB::x/Z:\. 

5. Five sailors raise a weight by 
means of five separate ropes, in the same 

plane, connected with the main rope that is fastened to the weight 
in the manner represented in Pig. 22. B pulls at an angle with 
A of 20°; Cwith J5, 19°; i) with P, 31° 30'; and .S" with A 25°- 
A, B, and C, puli with equal forces, and D and E with forces one- 
half greater; required the magnitude and direction of the re- 
sultant. 

Ans. Its angle with A is 46° 33' 10". Its magnitude 13 5.1957 
times the force of A. 

If tlie polygon A B C D E (Fig. 31) he constructed for the 
ahove case, A 6* and D /'are easily calculated in tlie isosceles tri- 
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ngles A B imAJ) E F, after wliidi A D and tlien A F are to 
e obtained by the general theorem. 




46. The Resultant and all Components, except one, 
being given, to Find that one Component. —If A B (Fig. 
33) is the resultant to be produced, and 
there- already exists the force A C, a ic - - 

second force can be found, which acting ^ / 

jointly with A C, will produce the mo- /"■"-• 

tion required. Join B, and draw AD / 

equal and parallel to it, then A Di& the / N. 

force required ; for ^ B is equivalent to "•-., /B 

A Cand C B. Therefore C B has the \,^ / 

magnitude and direction of the required 
force; AD is the line in which it must -^ X 

act. 

Again, suppose that several forces act on A, and it is required 
to find tlie force which, in conjunction with tliom all, shall pro- 
duce the resaltant A B. Let the several forces be combined into 
one resultant, and let A represent that resultanl. Then A D 
may be found as before. 

The trigonometrical process for finding a component is essen- 
tially the same as for finding a resultant, 

1'. A ferry-boat crosses a river | of a mile broad in 45 minutes, 
the current running all the way at the rate of 3 miles an hour ; at 
what angle with the direct course must the boat head up the stream 
in order to move perpendicularly across? Ahs. 71° 3i'. 
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2. A sloop is bound from the niaiiikiid of Africa to an island 
bearing AV. by N. (18° 45') distant 70 milus, a current setting 
N. N. W. (23" '60') 3 miles an hoar ; what is the c-ourse to ari'ive 
at tlie island in the shortest time, supposing the sloop to eail at the 
rate of 6 knots per Iiour ; and what iiine will she take ? 

Ans. Course, S. 76° 41' 4" W. Time, 10 h. 40m. 7' sec 

3. The i-esultant of two forces is 10 ; one of them is 8, and the 
direction of the other is inclined to the resultant at an angle of 30". 
Find the angle between the two forces. 

Ans. 47" 17' 5" or 132° 42' 55". 

4. A ball receives two impulses : one of which would carry it 
If. 37 feet per second ; the other, E. 30" N. with the same velocity ; 
what third impulse must be conjoined with them, to make the ball 
go E. with a velocity of 31 feet ? Ans. S. 3° 23' W. v = 40.57. 

47. Resolution of Motion. — In the composition of motions 
or forces, the resultant of any given components is found ; in the 
resolution of motion or force, the process is reversed; the resultant 
being given, the components are found, which are equivulcnt to 
that resultant. 

If it be required to find what two components can produce the 
resultant A B (Fig. 24), we have ^^ ^^ 

only to constract on ^ B, as abase, 
any ii-ianglo whatever, a& A B C or 
AB D (Art. 40) ; then, if A is 
one component, the other is A F, 
equal aiid pamllcl to C'B ; or if A I) 
is one, the other is A E, equal and 
pai-allel to J? if ; and so for any tri- 
angle whatever on the base A B. 
The number of pairs is therefore in- 
finite, whose i-esultant in each case is A B. 

The direetions of the components may he chosen at pleasure, 
provided the sum of the angles made with A B is less than two 
right angles. 

The mmjnitvM and direction of one component may be fiscd 
at plea-^nre. 

The magnitudes of both components may he what we please, 
provided their difference is not greater, and their sum not less, 
than the given resultant. 

These conditions are obvious fi'om the properties of the triangle. 
■\VJien a given force has been resolved into two others, each of 
those may again be resolved into two, each of those into two others 
BtilS, and bo on. Hence it appears that a given force may be re- 
solved into any mimber of components whatever, with such limi- 
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tatiwis as to cliroetion and magnitude as accord ivitli ilie foregoing 
statements. 

1. A motion of 15 ! toward the north is produced by the forces 
100 and 125 ; how ai-e they inclined to tlie meridian ? 

Ans. 54° 28' and 40° d'i' "?". 

2. A resultant of G17 divides the angle between its components 
into 28° aud 7-1° ; what are the components ? 

Ans. G0S.3i and 29(i.l4. 

48. Resolution into Fairs, with Certain Conditiotis. — 

In some cases, in which a condition is imposed, a simple construe- 
tiou will enable us to Jind the pairs of components which fulfill 
that condition. 

lat. A given force is to be resolved into pairs which niiikc a 
given angle with each other. 

Let A li (Fig, 25) be the given force. On j1 7? as a chord, 
eonstnict the segment of a circle A D B, con- 
taining an angle equal to the supplement of 'ig.^-o. 
the given angle. Then all the possible pairs of 
comiwnents fulfilling the condition will be 
foand by drawing lines from A and B to points 
of the curve, &&AD,D B, and A C, B, &c. 
The segment must contain, not the given angle itself, but its sup- 
plement, hecaiise the given angle is at A, between A D and a 
parallel to D B, or G B, &c. 

If the given angle were a right angle, the segment to be con- 
stnieted is a semicircle. 

2d, To resolve a given force into two components, niahiug a 
given sum; the sum must not be less than the g\\i.:\\ force 
(Ai-t. 4-?). 

Let A B (Fig- 36) be the given force, and J/ I<f tlie given 
sum, Haviiig placed A B o-a M K, 
aothat./! A"— /i j1/, construct a semi- ^^°- ~~<- 

ellipse on M N as a transverse axis, 
with A and B for the foci. Lines 
drawn from A aud 7? to any point of 
the curve will represent a pair of the 
reqaired components ; for, by a prop- 
erty of the ellij.>se, A D + D B, or 
AC + GB =^ M N. 

3d. To resolve a given force into two components, having a 
given difference ; the difference must not be greater than the given 
force (Art. 47). 

Lot A B (Fig. 37) be the given force, and 2f X the given dif- 
ference. Place M A' on A D &o that -1 X — B J/, and construct 
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the hyperbola M C, N D, having M N for itij transverse axis, with 

A and B for foci. Then A D, D B, or A C, C B, or any otlier 

linea from the foci to a point 

of the curve, wiU fulfill the „ ^^°' ^''■ 

condition required, because 

their difference equals the 

transverse axis. 

1, It is required to resolve 
the force 194 into pairs of 
components acting at an an- 
gle of 135° with each other; 
what is the radius of the circle whose segment is employed in the 
construction? lji:t A B = 194 (Fig. 28), and J /> JS = 45"; 
then A C B = 90°. Let Cff be perpendicular 

3 ■ 

AC^ ^A = 137.18. 
V-2 
3. To find the radius of the circle whose seg- 
ment includes the components of the force a 
acting at any given angle with each other. 
Make ^ £ = «, and let ^ i> B = A, the sup- 
plement of the given angle. Then A G B ~ % A, and A G H = A; 
therefore, 

sin^:l::^;^ = --^. 
2 2 sin A 

49. Resolution of a Force, to Find its Efficiency in a 
G-iven Direction. — By the resolution of a force into two others 
acting at right angles with each other, it is ascertained how much 
efficiency it exerts to produce motion in any given direction. For 
example, a weight W (Fig. 39), lying on a horizontal plane, and 




pulled by the ohhqiie force C A, is presented bj gravity from 
moving in the line C A, and is compelled to icmam on the plme 
Eesohi, G I into ( Ti in tht phno and G D perpemJioilai to it 
then tlie foimtr npRscnts the conipontnt i\hich is dfirunt to 
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cause motion along the plane ; the latter has no inflnence to aid or 
hinder that motion ; it simply diminishes pressure upon the plane. 
In like manner, if ^ C is an oblique force, pushing the weight, its 
horizontal component, BC,\s alone efficient to raoveitj the other, 
A B, merely iucreaaing the pressure. In either case, the whole 
force is to that comi>oiient which is efficient to move the body 
along the plane, «s radius to the cosine of indinaiion. Also, the 
whole force is to that component wliich increases or diminishes 
pressure on the plane, as radius to t!ie sine of inclination. 

If only 88 per cent, of the strength of a horse is efficient in 
moving a boat along a canal, what angle docs the rope make with 
the line of the tow-path? Ans. 28° 'iV 2i". 

50. Resultant found by means of Rectangular Axes.— 

When several forces act in one plane upon a body, their rosultiint 
may be conveniently found by the use of right-angled triangles 
alone. Select at pleasure two lines at right angles to each other, 
both of them lying in the plane of the forces, and passing tlirough 
the point at which the forces are applied. These lines are called 
axes. Tlie following example illustrates their use : 

iMiP A,P B,P G,P D,P E {Fig. 30) represent the forces 
in Question 5 (Art. ■15). Let one axis, for 
convenience, be chosen in the direction/* -4, ^ j cV'^'^^' # 
and let P Jll b^ drawn at right angles to it 
for the other axis. Tliese ases are supirosed 
to be of iudefmite length. Then proceed aa 
in Art-. 49, to resolve each force into two 
components on these axes. As P A acts in 
the direction of one axis, it does not need to 
be resolved. To resolve P B, say 

R-.COS 2Q=::PB:Ph, and 

i^:siu W°::PB : Fb'; 
again, [n 

B : cos 39° -.-.PCiPc, and 
B : sin SQ" : : P : P c', &c. 

Suppose P A produced so as to equal PA + P i + P c + 
P d + P e = M, and F II produced so as to equal P b' -\- P c' -^ 
P d' + Pe" = -k. Now, lis M acts in the line P A, and iV" at 
tight angles to it, their i-csultant and the angle which it makes 
with P A are found by the solution of another right-angled tri- 
angle. The resultant is 5.1957, and the angle is 46=' 33' 10", as in 
Art. iS. 

If any components of the resolved forces are opposite U> P A 
or P II, thev are reckoned as negative quantities. 





-^ 


7 


'' 


// 


/ 



„Google 



3-1 MECHANICS. 

£1. Analytical Expression for the Resultant,— Put J C 
(Fig. yi) = r,A /J = F,A i> = J?, angle CM B = a; thcu by 
Trig. 



A D\= 
11' = 1 



A 6" 



\-~C W -% A a X ODcc 
' + 2 /* i" cos n ; ivlieiicu 

. (1). Ilcnco 



-i CD, or 



n = Vr' + F-" + -iF P' cos a 
T/ie resultant of any two forces, act- 
ing at the mine point, is equal to t!ie 
square root of the sum of the squares 
of the two forces, plus twim the pro- 
duct of the forces into the cosine of the 
inchided angle. 

If « = 0, its cosine will be 1, and ^ -B " 

(1) becomes 

7? = P + P'. 
If « = 90", its ooiiiic rrill be 0, ;iiid ivc sbail have 

II = \^~P^+~F''. 
If a = 180°j its cosine will bo ■- 1, and we shall have 
Jt^-P~ P'. 

1. Two forces, P and P', arc equal in intensity to 'Zi and 30, 
respectively, and the angle between theni is 105^ ; what is the in- 
tensity of flieir resultant? Aus. 3^,21, 

2. Two foTCcs, P and P', whoso intensities ai-e, respectively, 
equal to 5 and la, have a resultant whoau intensity is 13 ; reqiiired 
the angle between them. ' Aiis. S0°. 

3. A boat is impelled by the current at the rata of i miles per 
hour, and by the wind at the rate of 7 miles per hour; what will 
be her rate per hour when the direction of the wind makes an 
angle of 45° with that of the cunxsnt? A^is. 10.3 miles. 

4. Two forces and their i-csnltant qs'o all equal ; what is the 
value of the angle between the two forces ? Aus. 130". 

52. Principle of Moments. — The moment of a force, with 
resjiect to a point, is the 
product of the force into 
the per\xndicnlar let fall 
fi-om the point to the 
line of direction of the 
force. 

The fixed point is 
called the centre of mo- 
ments ; the. periiendien- 
lar distance, the lever- 
arm of the force ; and 
the moment measures the tendency of the force to produce rotation 
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about the centre of momenta. Denote the two forces J D, A B, 
and tlioir resultant A C (Fig. 33) by P, P', and ]i, rcsjifctivoly. 
From Ji, uny point in the jikue of tlie foreos, let fall, upon the 
directioua of the forces, the perpendicuIars-£'-f,^//,-£'ff. Repre- 
sent these peiiTeadicHlars h^ p,p', r. Draw D X awi^B L perjien- 
diciilat to ^1 6'. V^ia=CAD,&=CAB,6 = CAE. Then 
R^ A L + a L = P' ao&a + P cos a . . . (l); 
B K ^P' sm0,B L = P sm a; .-., sinee D K = B L, 
P sinii = P sin a, or, = P' sin j3 - P sin a . . . (2). 
Multiplying both members of (!) by sin 0, both membei's of (3) 
by COS 0, adding and rediicing, -we have 

11 smO = P' sin (0 + fl) + P sin (0 - ci) . . . (3). 

But sin = -f^-, sin {0 + fi) = -f-^,. sin [0 - a) = -/^; 

.*. (3) reduces to 

Rr^ p-p' + Pi>...(l). 
If the point E falls within the angle C A IK sin (0 - o) Ijl- 
eomes negatire, and (3) becomes 

nT = F'p' -pp...{h). 

Hence, t7ie moment of the resultant of two forces is equal to the 
algebraic sum of the moments of the forces tahm separately. 

53. Forces Acting st Diasrent Points, Parallel 

Forces,— "We have thus far considered forces aeting upon a 
single particl-j, or upfm one 

point of a body. If, how- ^''^' ^^' ^, ^ 

ever, tivo forces P and V, _f //— "^"^ _ 

. , ,' , , C< f-z >E 

m the same plane, act upon " ^____^ 

A and B, two different ^ ^, ' -^ — ""S""^ 

points of a rigid body, they fy, ~ a-^ ^^ 

may still have a resultant. MJ 

Let the lines of diroe- ^ 

tions of the two forces A F and B B (Fig. 33) be produced to 
meet in C. The two foi-eea may then bo considered as acting at 
O, and thus compounded into a single force at that point, or at 
the point G of the body. 

By (1) of the last article tliis resultant is 

B = P'eosP + Pcosd... (1). 

■Wlicn the forces become parallel, as A /'and P> E. ft = 0, and 
o; — 0, and (1) beoomee 

B = P' + P... (2). 

If tlio parallel forces act in opposite directions, aa A. F and 
B E', then a = 180°, and /3 — 0, and (1) becomes 
B = P' ~ P... (3), Hence, 
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Tlie resultant of two parallel forces is in a direction parallel to 
tliem and equal to their algebraic sum. 

54. Point of Application of the Resultant.— I^et P and 
P' (Figs, 34, 35) Ije two parallel foroea acting in the same or in 




opposite directions, and let E be the point of application of the 
resultant. Assume this point as a centre of momenta ; then from 
(5) of Art. S2, since r = 0, 

P X HE - F' X GEyQT, in the form of a proportion, 
p': P::H E: G E. But by similar triangles, 
HE: GE:%AE:EB; .: 
P':P::AE:EB. 
That is, i?te line of direction of the rcstiltanf of tn'o parallel forces 
divides t/ie line joining the points of applicatii)n of the coinponents, 
inversely/ as the components. 

By composition (Fig. 34) and dinsion (Fig. 35) we obtain 
P'+P:P::AB:EE,audL 
P~P':P::ABiEB. 
Tliat is, if a straight line he drawn to meet the lines oftivo parallel 
forces and their resultant, each of the tliree forces will be propor- 
tional to thai part of the line contained bcticeen the other two. 
When the forces act in the same direction, we have 

E B — ,„ ,j , and when they act in opposite directions, 

PxAB 
EB--p~^^. 

If, in the last case, P = jP', then E B will be infinite. The 
two forces in this case constitute what is called a coiqjle. Their 
effect is to produce rotation about a point between them. 

Any number of parallel forces may be reduced to a single force 
(or to a couple) by first finding the resultant of two forces, then 
the resultant of that and a third force, and so on to tlie last. And 
any single force may be resolved into two or any number of paral- 
lel forces by a method the reverse of this. 

55. The Parallelopiped of Forces. — Hitherto forces have 
been considered as acting in the same plane. But if forces act in 
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different planes, the solution of every case may be reduced to the 
following principle, called the paraltdopiped of forces. 

Any three forces acting in different planes upon a iody may he 
represented ty the adjacent edges of a paraUelopiped, anil their re- 
sultant by the diagonal which passes through the intersection of 
those edges. 

Let A C,AD,a;nd.AE (Fig. 36), be three forces applied in 
different planes to the body at A. 
Construct the parallelepiped C P, Fro. 3G. 

having A C, A D, and A E, for its 
adjacent edges, and from A draw the 
diagonal A B. The section throngh 
the opposite edges A and P B isa. 
parallelogram, and therefore A B is 
the resultant of ^ C and A P, and 
A Pis the resultant oi AD and A E. 
Hence A Bis the resultant of A C, 
AD, mi A E. 

This process may obviously be reversed, and a given force may 
be resolved into three components in different \ 1 mes ilong the 
edges of a paraUelopiped, having such mclinations -iS ne please 

56. Rectangular Axes. — Tlie paralklopiped gcnerdly 
chosen is that whose sides are rectangles, the three adjiccnt 
edges of such a solid are called rectangular ates All the foias 
which can possibly act on a body may be Ksohed into eijui^alent 
forces in the direction of three such axes And -iince all forces 
which act in the direction of any one bne may be reduced to a 
single force by taking their algebraic sum therefoie any number 
of forces acting throngh one pomt may be reduced to three m the 
direction of three ases chosen at pleasure 

Let A X,A Y {Fig. 37) be at nght angles -nith eich other. 
Fro, 37. rr ^s 





and A Z perpendicular to the plane of A Xand A T. Let A B 
represent a force acting on A. Resolve A B into ^ Con the asis 
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A Z, and -1 P in the plane of A X, A Y; tlicn resolve A V jntu 
A ]) and ^1 E on tlie other two axes. Therefore, A C, A D, and 
A E are three reetangnlar forces, whose resnltimt is A B. 

Let the axes A X, A Y, A Z, be produced indefinitely (Fig. 38) 
to A'', I'', Z'; then their plunea will divide the angulur epacc 
about,! intoeight solid right angles, namely: A-X Y Z, A-X Y' Z, 
A-X' yZ,A-X'YZ,aho^Q the plstno of . rand F,and^-XrZ', 
A-XY'Z; A-X' Y'Z', A-X' YZ below it. 

57. Geometrical Relation of Components and Ke- 
SUltant.—A force acting on the body 
A niiiy be sitniit^d in any one of the ^■'"- ''^■ 

eight angles, and its value may he 
expressed in terms of the sqniires of 
its three components. Let^l B (Fig. 
i)9) be resolved as before into the 
rectangular components A C, A J>, 
and A E. Then, by the right-an- 
gled triangles, wu find 

AB'^ni^--\-Al"-AE- ■ iP'i 
and 

AP'- = AC'+OF''^A(-AZ>= i 

.■.AB'=A ,.;■' + Air + A'l:'; 
and AB = V~Aa~+~A!>'~^ A 'E\ 
If yl 7? is in the plane of X and 3', the component on the axis 

of Z becomes zero, and .1 B = VA t" + A if, and similarly for 

the other pi sine a. 

58. Trigonometrical Rsiation of Components and Re- 
sultant. — l-.i.'t the angles ivhich A H makcd with the axes of 
a; Y, Z, respectively, be a, j3, y; that is, li A C ^ a, B A D = ji, , 
B A E ~ y. In the triangle A B V. right-angled ut C, we have 
A B : A C : : rad : cob a; tha'ofore, making rad = 1, 

AC ^ AB .Q.osa. 
In like manner, A D =■ A B . cos fl; 
n-iAAE^ A n . cos y. 
And since A B \s the resultant of the forces A C, A D, and 
A E, it is the resultant of A B . cos a., A B . coa ji, A B . cos )', 
In generiil, the components of any force P, when resolved upon 
three rectangular axi's, arc F . cos a, P . cos ft P . cos y. 

59. Any Number of Forces Bednced to Three on 
Three Rectangular A^es. — Snppose the body at A to be acted 
upon bv 11 second force P', whose direction makes with the axes 
the angles «', 3', y' ; then, as before, P' is the resultant of F'. cos a,', 
P'.cos '&',P'.cosy'; and a third force P", in like manner, has 
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for its components P" . cos u", P" . cos p", I-" . cos ■) " ; and so of 
my number of forces. 

Now, all the components on one axis may be reduced to one 
force by adding tliem together. Hence, the whole foi-ce in the 
axis of X = P . cos a + F' . cos a' + F" . cos a" + p'" , cos «'" 4- &c. ; 
the whole in the axis of T, 

= i' . cos (3 + P' . cos fi' H- P" , cos p" 4- P'" . cos ji'" -f &c ; 

and that in the axis of Z, 

= P . cos y + -f' . cos ■>•' ~ P" . cos 1 " + /"" - cos 7'" + &c. 

If any component acts in a direction opposite to others in the 
same asis, it is affectt^d by a contrary sign, so that the force in the 
direction of any axis is the algebraic sum of all the individual 
forces in that axis. 

If the sum of the components in one axis is reduced to zero by 
contrary signs, the effect of aii the forces is limited to the plane of 
the other axes, and is to be obtained as in Art 50, where two axes 
were employed. If the sum of the components on each of kco axes 
is reduced to aero, then the whole fr -hm is exerted in the direction 
of the remaining axis, and is therefore -'.■rpentlicular to the plane 
of the other two. 

60. Equilibrium of Forces.— 

1. Two forces produce cqiiillbrium when tlicy are equal and act 
in opposite directions. 

It was shown (Art. 42) that two forces produce the least re- 
sultant when they act at an angle of 180" with each other, and 
that the resultant then equals the difference of the forces. If the 
forces are equal, their difference is zero, and the resultant vanishes ; 
that is, tiie two forces produce equilibrium, 

3. Three forces produce equiltbrinni ivhen they tjuiy he repre- 
sented in direction and magnitude by the three sides of a triangle 
iahen in order. 

For, when three forces are in equilibrium, one of them must 
be equal to, and opposite to, the re- 
sultant of both the others. But ^^^- *'^- 
the forces ^ C and ^ .B (Fig. 40) / ^ 
produce the resultant A D; there- 
fore the equal and opposite force 
J) A, since it is in equilibrium with 
A P>, is also in equilibrium with AG -^'^ -B 
and ^ ^, or -4 f? and C D. Hence 

the three forces A C,CD, and D A, taken in order around the 
figure, produce eqjiilihiiuin. 
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It is ob\iona that three forces in equilibrium must all be di- 
rected tlirongh one point, else each force could not be opposed to 
the resultant of the other two. 

3. More than three forces in oneplam mil produce equilibrium 
when they can be represented by the sides of a polygon taken in 
order. 

In Art. 43 it -was shown that if several forces acting on a body, 
are represented by all the sides of it polygon except one, their re- 
sultant is represented hy the remaining side. Tlius, the resultant 
of the foi-cea A £, B C, CD, and D E (Fig. 41), is A E. Now, 
the force E A, equal and opposite to A E, since it would be in 
eqniiibriiim with A E, is therefore in equilibrium with all the 
others. Hence the forces AB,B C,CD,D E, and E A, taken 
in order ai-ound the figure, are in equilibrium. 




61. Trigonometrical Representation of Three Forces 

in Equilibrium. — When three forces are in eqtiiUhTium, each may 
he represented by the sine of the angle hetiveen the other two. 

leiAE (Fig. 42) be the resultant of ^ i> and A C; then, if 
we apply a force A B equal and opposite to A E, the forces A D, 
A C, and A B will be in equilibrium. From the triangle A ED 
we have the proportions 

A D: A E: E D::smA E D:&mD ■.m\. E A D. 

But sin AED = sin CAE= &mBA C; sin D - sin OA D; 
Bin E A D = sm B AD; A E = A B; rmd A C = E D; .: 
AD:AB:A C'::siD.BA C:sm CA DiBmB A D. 

62. Equilibrium cf Psrallel Forces. — In order that a force 
may be in equilibrium with two parallel forces, 

1. It must be parallel to them. 

2. If must ie equal to their algebraic sum. 

3. The distances of its line of action from the lines in which the 
two forces act, must he inversely as the forces. 

Those three conditions belong to the rmuUant of two parallel 
forces, and therefor^ belong to that force which is in equilibrium 
with the resultant. 
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63. Eqitilibrirm of Couples. — If two parallel forces are 
such aa to constitute a couple, iio one force can be in equilibrium 
with them. For the resultant of a couple has its point of applica- 
tioa at an infinite distance (Art. 54). But a couple can be held in 
equilibrium by another couple; and the second couple maybe 
either larger or smaller than the given couple, or it may be equal 
to it. 

Let the couple P and I" (Fig. 43) act ^lO. 43. 

on a body at the points A and B; they 
tend to produce rotation about the middle 
point C. If another conple, Q and Q', 
equal to P and P', should be applied to 
produce equilibrium, one must directly P 

oppose P, and the other P'. Then A and 

B, being each held at rest, all the forces ^-p ' c r-p ' 
we in equilibrium. 

But if the second conple is less than 
P and P', they must act at distances from 

C, which are as much greater as the forces 
are less ; or, if the second conple is greater 
than the first, they must act at distances '' H 
which are as much less. Thus, the couple 

p and p', acting at D and £!, tend to produce rotation about C in 
one direction, and P andP' in the opposite; and these tendencies 
are equal when D C: A C: iP :p. For, since the opposite forces, 
P and^, arc inversely as their distances from C, their resultant is 
at C, and is equal to P —p (Art. 53). For the same reason, the 
resultant of P' and p' is at 0, and equal to P' — p'. But P —p = 
P' — p', and they act in opposite directions. Hence C is at rest, 
and therefore all the forces are in equilibrium. 

64. Equilibrium of Forces in Different Planes. — Since 
all the forces which can operate on a body may be reduced to thre ^ 
forces on rectangular axes, it is obvious that the whole system of 
forces cannot be in equilibrium till the sum of the components on 
each axis is reduced to zero. We must have, therefore, in Art. 59, 
as conditions of equilibrium, these three equations for the three 
axes, X, Y, and Z: 



P.coso + P'.eosfi' + P".cos(.'' 

P . cos 3 + P' . COS fi' 4- P" . CDS f." 
P . cos y + P'. COS y' + P" . cos ) '' 



+ ,&c., 



65. Forces Resisted by a Smooth Surface.— "Whenever 
any forces cause pressure upon a smooth surface, and are held in 
equilibrium by its resistance, the resultant of those forces must be 
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at right angles to tho snrfiice. Suppose that D A (Fig. 4-1) 13 
either a single force or tlie resultant of ^^^ ^^ 

two or more forces, and that it is held 
in eqiiilihrium by the reaction of A B, 
a smooth surfece. H DAh not perpen- 
dicular to the surface, it can be resolved 
into two components, one pei'pondicular 
to the surfiice A B, the other parallel to 
it. The former, D B, is neutralized by 
the resistance of the surfeee ; the latter, B A, is not resisted, and 
produces motion parallel to the surface, contrary to the supposi- 
tion. Tlierefore D A, if lield in equilibrium by the surface .^1 B, 
must be perpendicular to it. 



CHAPTER IV. 



THE CENTRE OF GRAVITY. 



66. The Centre of Grravity Defined.— In every body and 
in every system of bodies, there is a point so situated that al! the 
parts acted on by the force of gravity balance each other about it 
in every position. That point is called the ce^itre of gravity. The 
force of gravity acts in parallel lines on eveiy particle of a body ; 
the centre of gravity must therefore be the point through wbieh 
the resultant of all these parallel forces is directed, in every posi- 
tion of the body. Hence, if the centre of gravity is supported, tlio 
body is supported. As to the supjKirt of the body, therefore, we 
may imagine all parts of it to be collected in its centre of gravity, 
AVhen a system of bodies is considered, they are conceived to be 
united to each other by inflexible rods, which ■ are without weight. 

67. Centre of Gravity of Equal Bodies in a Straight 

Line.— The centre of gravity of two c(|ual particles is in the 

middl^ point between them. Let A and B (Fig. 45), two equal 

particles, be joined by a straight line, and let 

A a and S i represent the foi-ces of gravity. ■* ^''' ' 

The resultant of these forces, since they are 

parallel and equal, will pass through the mid- «' 

die of .^I B (Art. 54) ; G is therefore the centre 

of gravity. In like manner it is proved that 

the centre of gravity of two equal bodies is 

in the middle point between their respective centres of gravity. 
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Any immber of equal particles or boclios, arranged at equal 
distances on a straiglit line, liave tlieir common centre of gravity 
in tlie middle; since the above reasoning applies to each jmir, 
taken at equal distances from fciie extremes. Iifnee,the centre of 
gravity of a material straight line {e,g., a fine straight wire) is in 
the middle point of its length. 

68. Centre of Gravity of Regular Figures.— In ilie dis- 
cussion of the centre of gravity in relation to form, bodies are con- 
sidered nniformly dense, and surfaces are regarded as thin laminre 
of matter. 

In plane figures the centre of gravity coincides tcith (lie centre 
of magnitude, telieii they have such a degree of regularity tltat there 
are two diameters, each of which divides the figure into equal and 
symmetrical parts. 

The circle, the parallelogram, the regular polygon, and the 
ellipse, are examples. 

For instance, the regular hexagon (Fig. 40) is divided sym- 
metrically by A Ji, and also by CD. Conceive 
the figure to be composed of material Knes ^^' 

parallel to A B. Each of these has its centre 
of gravity in its middle point, that is, in C D, 
■which bisects them all (Art. 07). Hence, the 
centre of gravity of the whole figui'e is in CD. 
For the same reason it is in A B. It is, there- 
fore, at their intersection, which is also tlie '" 
centre of magnitude. 

By a similar corirae of reasoning it is shown that in solid!, of 
uniform density, which are so far regular that they can be divided 
symmetrically by three different planes, the centres of gravity imd 
magnitude coincide ; e.g., the sphere, the parallelopiped, the cylin- 
der, the regular prism, and the regular polylicdron. 

69, Centre of G-ravity between Tw3 Unequal Bodies. — 
The centre of gravity of two unequal l^odies is in a straiglit line 
joining their respective centres of gravity, and at the point wliich 
divides their distance in the inverse ratio of their weights. Let 
A a and B b (Fig. 47), passing through tlie 
centres of gravity of A and B, be proportional 
to their weights, and therefore represent tlie 
forces of gravity exerted upon them. By the 
laws of parallel forces, the resultant G g = 
Aa + Bh (Art. 53), mH A a: B bi: B G: 
A G. Therefore the centre of gravity must be 
at 0, through which the resultant passes (Art. 
60). This obviously includes the case of cqmd weights (Art 07). 



Fig. 47. 
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It appears from the foregoing that the whole pressure on a 
support at (? is J + li, and that the system is kept in et^uilibrimn 
ty such support, 

70. Equal Moments with Respect to ths Centre of 
G-ravity.~If A is put tor tho weight oi' A, tuid B for that of II, 
the above proportion becomes A : B :: B : A ff. 

Let the proportion be changed to an equation, and we have 
AxAG = Bx.BG. Suppose now that A B is an inflexible 
rod, without weight, and free to revolve about G. Since the 
bodies balance each otlier about that point, the eqnal products, 
A X A 6 and B x B G, may be taken to represent the equal ten- 
dencies of the bodies to turn the system about (?. The tendency 
of the body A, expressed by ^ k A. 0,\5 called the moment of J, 
with reference to tlie point G; and, similarly, B >c B G is the mo- 
ment of B, with reference to the same point. Hence the pi-oposi- 
tiOTL, that the mo?mnls of (ivo iodies -with reference to their centre 
of gravity are equal. 

71. Centre of Gkavity between Three cr More 
Bodies. — Tlie metliod of determining the centre of gmvity of 
two bodies may be extended to any number. 

Let A, B, C, D, &e. (Fig. 48), be the weights of the bodies, and 
let the centres of gravity of A and B be eon- 
nectcd together by the inflexible line A B. ^ ''"' n' 

Divide A B so that A:B:: B G: A G,ov / 

A-k- B:B::AB: AG; then tf is the centre >^^ 

of gi-avity of ..4 and B. Join C G; and since / \, 
A + B may be considered as at the point G, ^ ^ 

divide C G ioiWi A + B ■¥ C: C::C G : Gg. In Hko mamicr, 
K, the centre of gravity of four bodies, is found by tlie proportion, 
A + B + C ■\- D: D:: D ij-.g K. The same plaa may be pur- 
sued for any number of bodies. 

72. Centre of Gravity cf a Triai^Ie. — Tlie centre of gravity 
ofa triangle is one-third of the distance from the fniddle of a sido 
to the opposite angle. Bisect A C ia B (Fig. 40), and B Cin JS; 
join A E,B D, and D E. B D bisects all linos 

across the triangle parallel to A 0; therefore the 
centre of gravity of all those lines — that is, of the 
triangle — is in B D. Tor a like reason, it is in 
A E, and therefore at their intersection, G. Since 
EC^hBC, aiidP C=i^AG,.:ED = ^AB. 
But EG D uTiH A G B are similar; .: D : 
B6-:DE:AB::1 :%; .-.D G= ^,B G = IBD. 

73. Centre of Gravity of anlnegular Polygon.— Divide 
the polygon into triangles by diagonals drawn through one of its 
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angles, and then proceed according to the methods already given. 

Let A OE (Fig. 50) be an irregular polygon, whose centre of grsT- 

ity is to he found. Divide 

it into the triangles P, Q, '^f- ^''■ 

B, S, by diagonals through 

A, and find their centres of 

gravity a, h, c, d (Art, Ti). 

Join a b, and divide it so 

t\\a.t a b : a G::P-VQ:Q\ 

then G is the centre of 

gravity of the quadrilateral 

P + Q- Then join G- c, and 

makeffc: Gg::P+Q + R 

: R. By proceeding in this 

manner till all the triangles 

are used, the centre of gravity of the polygon is found at the last 

point of division. 

74. Csntre of G-ravity of the Perimeter cf an Irrsga- 
lar Polygon. — Find the centre of gravity of each side, vvliieh ia 
at its middle point, and then 

proceed as in Art. 71, the ^^°' ^^■ 

weight of each line being 

considered proportional to 

its length. Thus, let a, b, 

c, &c., be the centres of 

gravity of the sides, A B, 

BO, CD, &c. (Fig. 51); ^ 

join a b, and diride it so 

thata J:a 0::AB + B C 

: B C; then G is the centre 

of gravity of A B anH B G. ^ ' " 

Next join G€, and make G c: G g : : A £ + B C + C D: OD; 

then g is the centre of gravity of those three sides. Proceed in 

this manner tiil all the sides are used. 

The perimeter of a polygon having the degree of regularity de- 
scribed in Art, 68, has its centre of gravity at the centre of the 
figure, as may be easily proved. If a polygon has a less degree of 
regularity than that, the centre of gravity both of its area and its 
perimeter may usually be found by methods moi-e direct and 
simple than those given for polygons wholly irregular, 

75. Centre of Gravity of a Pyramid.— J^e centre of 
gravity of a triangular pyramid is in the line joinijtg the vertex 
and the centre of gravity of the hose, at one-fourth of the distance 
from the base to the vertex. 
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Let G (Fig. 52) be tli^ centre of grayity of the base BDC; and 
g tbat of the face A B 0. The line -A ff passes through tlie centre 
of gravity of every lamina 
parallel toD B G, on account 
of the similarity and similar 
position of all those laminfe ; 
.'. the centre of gravity of the 
pyramid is in A 0. For a 
similar reason, it is in Z>^; 
and therefore at their inter- 
section, 0. 'NimE&=iI!D, 
and ^g = !gB A; hence, by d 
similar triangles, gO=iAp. 
But 6g and ^ D are also 
similar; .'. G 0=j A 0=-lA&. 

From, this it is readily proved that the centre of gravity of evert/ 
pyramid and cone is one-fourth of the distance from the centre of 
gravity of the base to the vertex. 

76. Examples o» the Centre of Gravity.— 
1. A, B, and (Fig. 53), weigh, respectively, 3, 3, and 1 
pounds, ^ B = 5 ft, B t? == 4 ft., and 

G A = %ii. Find the distance of a q b 

their centre of gravity from C. 

First, from the given 'sides of the 
triangle A B G, calculate the angles. 
A is found to be 49" 37^'. Nest find 
the place of G, the centre of gravity of 

A and B, by the proportion, A + £ : B : : A B : A G; A G is 2 
feet, equal to A 0. Calculate C G, the base of the isosceles tri- 
angle A G G. Its length is 1.673. Then lind Gg by the ^ropoT- 
iion O G: Gg::A + B + C: A + B; therefore Cg= 1.394 

3. ^ = 51bs.,'S = 31bs., andO=121bs.;^.B = 8ft.,4<? = 
4 ft., and the angle A is 00° ; find the distance of the centre of 
gravity of A, B, and C, from C. Ans. 3 ft, 

3. Three equal bodies are placed at the angles of any triangle 
whatever ; show that the common centre of gravity of those bodies 
coincides with the centre of gravity of the triangle. 

4. Find the centre of gravity of five equal heavy particles 
placed at five of the angular points of a regular hexagon. 

Ans. It is one-fifth of the distance from the centre to the 
third particle, 

5. A regular hexagon is bisected by a line joining two opposite 
angles; where ia the centre of gravity of one-half? 

Ans. Four-ninths of the distance from the centro'to the 
middle of the second side. 
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6. A square is dtriclGil by its diagonals into four equal parts, one 
of which ia removed ; find the distance from the opposite side of 
the square to the centre of gravity of the remaining figure. 

Ajis. -^^ of the aide of the square. 

7. Two isosceles triangles ai'e constructed on opposite sides of 
the same base, the altitude of tlie greiiter being h, and of the less, 
A' ; where is the centre of gravity of the whole figure ? 

Am. On the altitude of the greater triangle, at a distance 
from the common base equal to ] (h ~l'}. 

8. The base and the place of the centre of gravity of ;i triu.ngle 
being given, required to construct the triangle. 

9. Given the base and altitude of a triangle ; required to con- 
struct the triangle, when its centre of gi'avity is perjiendicularly 
over one end of the base. 

10. On a cubical block stands a square pyramid, whoso base, 
volnme, and mass are respectively equal to those of the cube ; 
where is tlie centre of gravity of the figure ? 

Ans. One-eighth of the height of the ciihe above its 
upper surface. 
77. Centre of Gravity of Bodies in a Straight Line 
referred to a Point in that Line. — If several bodies ai-e in a 
straight line, tiieir common centre of gravity may be referred to a 
point in that line; and its distance from that point is obtained by 
multiplying each weigM into its own distance frffin Hw same point, 
and dividing t^ie svm of the products by the sum of the weights. 
Let A, B, G, and D, represent the weights of several bodies, whose 
centres of gravity are in the straight line D (i'ig. 54). Reqitired 

Fig. 54. 
o A E c r> 

I — @ GS — ^c <3» Q 



the distance of their common centre of gra^'ity from any point 
assumed in the same line. Let G be their common centre of 
gravity, then the moments of A and B must be equal to the op- 
posing moments of G and D with reference to the point G (Art. 70). 
That is, 

A K AG ^ B y. BG = G kGG -^ D X DG; m, 
A X {OG-~OA) + B X {0 G ~0 B) ^ G y. {0 G -0 a) +Dx 

{OD- OG); 
expanding, transposing the negative products, and factoring, wo 
have 
{A^B\-C-<rD)KOG=A-KOA + I}K 13 ^ C x C + D x D. 

HostocCyGoOgle 
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0G = '- 
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'.OA +B-x O B+_Cx_0 G+Dx O P 
A+B+O+D 



Fio. ; 



78. Centre of Gravity of a System referred to a 
Plane. — If the bodies ai'e not in a straight line, they may be rc- 
i'en-ed to a plane, which is assumed at pleasure. The distance of 
their common centre of gravity from that plane is expressed as 
before: multiply each weight into Us own distance from the plane, 
and divide the sum of the products iy the sum of the iodies. 

Let p, p', p" {Fig. 55), represent the weights of several bodies, 
whose centres of gravity are at those points respectively, and let 
^ C be the plane Of reference. Join pp', and lot (j be the com- 
mon centi-e of gi-avity of p and 
p'; &v9.\i p <£, g k, p' X &i right 
angles to the plane .4 0, and 
conseqnently parallel to each 
other; join x^, and since the 
points p, g, p', are in a straight 
line, the points x, h, x' will 
be in a sta-aight line, and there- 
fore X x' will pass throngh h. 
Join g p", and lot G be the com- 
mon centre of gravity of ^,^',^" ; 
di-aw G K,p" x", pei-pendieular 
to the plane ; and through g 
draw m n parallel to a: a;' meet- 
ing j? a: produced in n. 

Now p:p'::p' g:pg::{\iY 
sua. triangles) p' m:pn\ 




:}) y. p n — p' •/. p in, ovp x {nx — px) = p' x {p' x' — mx 
-gk = mx',:.'p x {gh-px) = p' x (p'a:'-^i). 



but 



{p-'r p') X g }c=^ p X p X + p' x ji' x' .: g h 
for the same reason, if j> + p' is plueud at g, 



^px po: + p xp X ^ 



pxp x + p'x p' x'-hp" xp" : 



Q x= {p-vp')^gh^p" ^p" ^' _ 

{p + p') + p" p + p' + p" ' 

a formula which is applicable to any number of bodies. 

Let the last e<^Hation be multiplied by the denominator of the 
fraction, and we have 

{p^-p'+p" ¥&c.) G K^py-px^p' y.p' x'+p"xp" ^" + &c.; 
that is, the moment of any system of iodies with reference to a given 
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plane, equals the sum of the moments of all the par/s of /Jw sj/sierii 
with reference to the same plane. 

79. Centra of Gravity of a Trapezoid.— As an example 
of the foregoing principle, kt it be proposed to find the eenh-o of 
gi'avity of a trapezoid, eonsideit'd 
as composed of two triangles. The ^^'^- ^'^■ 

centre of gravity of the ti-apezoid ,— "^'^^. 

A C (Fig. 56) is in E F, which bi- f-^ -^VT— ^ 
sects all the lines of the figure 
parallel to B C. Suppose f? to be 
the centre of gravity of the trai^e- / 
zoid ; through G draw K M per- ^^t \ 

pendicular to the bases. l,KiK3I= ^^ — j ^— — J, 

h,BC = B,AD = h,imi\.iomBD. 

The moment of the trapezoid with reference to B is 

If, 



Bh h bh 2 , , 
-3-. 3 + ^^. 3 /^ whence 

^^^- -iTrrir ■ .■ ^ut GM=.h-- -,.---=- . . -- 



Uli ■ 







By similar triangles 
GM:GK::EO:GF; .: E G : G F ■.■.2 B + h: B -V^h; or 
tlie centre of gravity of a trapezoid is on the Hue wMch bisects the 
parallel hases, and divides it in the ratio of twice the longer plus the 
shorter to twice the shorter plus the longer. 

1. Four bodies, A, B, C, D, weighing, respoctivelj-, 2, 3, C, and 
8 pounds, are placed with their centres of gravity in a right line, 
at the distance of 3, 5, t, and 9 feet from a given point ; what is 
the distance of their common centre of gravity from that given 
point ; and lietwecn which two of the bodies does it lie ? 

Ans. Between C and B ; and its distance frtim the given 
point 7fg feet. 

2. There are five bodies, weighing, resisectively, 1, 1-1, 21A, 22, 
and 20 J pounds; a plane is assumed passing through the last 
body, and the distances of the other four from the plane are, re- 
spectively, 21, 5, S, and 10 feet; how far from the plane is the 
common centre of gravity of the five bodies? Ans. 5 feet. 

[See Appendix for calculations of the place of tlie centre of 
gravity of curvilinear bodies.] 
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80. Centrobaric Mensuration. — The properties of tlie centre 
of grii\ity I'liriiish a very simple metliod of measuring surfaces and 
solids of revolntion. This method is comprehended in the two 
following propositions, known as the theorems of Gnldinus: 

1. If any line revolve about a fixed axis, which is in the plane of 
that line, the surface whidt it t/eiierates is equal to the prodtiet 
of the given line into the circumference described by its centre of 
gravity. 

Let any iine, either straight or curved, rcTolve about a fixed 
axis which is la tlie plane of that line; and let /,/',_/",/'", etc., 
denote elementary portions of the line, d, d', d", d'", &c., the dis- 
tances of these portions, resi^ectively, from the axis; then the 
surface generated by /, in one revolution, will be 2 fr df; hence 
the smijioo generated by the whole line will be 

S^ ^^(df+ d'f + d"f" + d'"f"' -H &c.) . . . (1). 
Put L = the length of the revolving line, and G = the dis- 
tance from the axis to the centre of gravity of the line ; then 
{Art. 78) 

0L = df+ d'f + d"f" + a"'f" + &c (3). 

Combining (1) and (3), we have 

S=%nGL... (3). 

2. If a plane surface, of any forrmDhatever, revolve about a fixed 
axis whidi is in its own plane, the tolvjie generated is equal to 
tlte product of that surface into the circumference described by its 
centre of gravity. 

Let any plane surface revolve about an asis which is in the 
plane of that surface; and let/,/',/",/'", &:e., denote elementary 
portions of the surfece, d, d', d", d'", &c., the distances of these 
portions, respectively, from the axis ; then the volume generated 
by/ in one revolution will be 3 t: (7/; hence the volume generated 
by the whole surface will be 

r=fin{df+ d'f + d"f" + d"'f"' + &c.) . . . (4). 

Fut A = the area of the revolving surface, and G ^ the dis- 
tance from the axis to tlic centre of gravity of that surface; then 
(Art f 8) 

AG==d/+ d'f + d"f' + d"'f' + &c., . . . (5). 

Substituting in (4), wo have 

r^2TrAG...i(i). 

As an illustration of the first theorem, the straight line C B 
(Fig. 57), revolving about the centre (7, describes a circle whose 
surface is equal to CD into the circumference of tlie circle de- 
scribed by its centre of gravity, E. Tiiia is evident also li'om the 
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consideration that, since E is the cent^-e of the line CD, the cir- 
cumference described by it will be half the 
length of the circumference A D B; and the 
area of a circle is equal to the product of the 
radius into half the circumference. 

The second theorem is illustrated by the 
volume of a cylinder, whose height = h, and 
the radius of whose base = n 

Common method; ba8e = iT)-'; height=/i; 
.'. vol. = TT r' A. 

Centrobaric method ; revolving area ^ r 7i; circumference de- 
scribed by the centre of gi-avity = ^ r x 3 jt; ,'. yoL = r h . ^r . 
2 TT = TT »■' h. 

81. Sxamples. — 

1. Suppose the small circle (Fig, 57} to be placed with its 
plane perpendicular to the plane of the paper, and revolved about 
t'j the point J) describing the liuc DBA; required tlie content 
of the solid ring. H C D — R, and E D — r, then the area re- 
volved = TT r", and the circumference D B A ~2 -n R; .: the ring 
~ 2 tt'' E r". It is equal to a cylinder whose base is the circle 
E D, and whose height eqnals the Hue DBA. 

%, Find the convex surface of a cone ; slant height = s ; and 
rad. of base = r. The line revolved being s, and the distance 
from the axis to its centre of gravity, ^ r, the aui-face is ~ r s. 

3. A square, whose side is one foot, is revolved about an axis 
which passes through one of its angles, and is parallel to a diago- 
nal; requii-ed the volume of the figure thus formed. 

Ans. TT V-2, or 4.4429 cubic ft. 

4. Find the surface of a sphere whose i-adius is r. (The dis- 
tance from the centre of a circle to the centre of gi'avity of its 

semi-eircumfercnce is -, Appendix, Art. 93.) 



5. Find the volume of a sphere whose radius is r. (Appendix, 
Art. 95.) Ans. j tt r'. 

82. Support of a Body. — A body cannot rest on a smooth 
plane, unless it is horizontal; for tlie pressure on a plane (Art G5) 
cannot be balanced by the resistance of that plane, except wlicn 
peipendicular to it ; therefore, as the force of gravity ia vertical, 
the resisting plane mnst be horizontal. 

Tiie hose of support is that area on the horizontal plane which 
is comprehended by lines joining the extreme points of contact, 
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If there are three points of contact, the base is a triangle ; if 
four, a quadrilateral, &c 

Wlien the vertical through the centre of gravity (called the 
?me q/^rfiVcciiow) falls with- _ 

in the base, the body is 
snpported; if withont, it is 
not snpportetl. In the body 
A (Fig. 58) the fi 
gravity acts in the line 6 F, 
and there are lines ( ' 
sistanco on both sides of 
G F, as G C and G E,m that the body cannot tnm on the edge 
of the base, v/ithout rising in an arc whose radius is f? C or 6' ^. 
But, in the botly B, there is resistance only on one side; and 
therefore, if the force of gi-avity he resolved on G C and a perpen- 
dicular to it, the bo<ly is not prevented from moving in the direc- 
tion of the latter, that is, in the arc wliose radius is G V. 

If the line of direction (all at the edge of the base, the least 
force will overturn it 

83- Different Kinds of Equilibrium. — If the base is re- 
duced to a line or point, then, though there may be support, there 
is no firmness of support ; the body will be moved by the least 
force. But it is affected very differently in diiferent cases. 

When it is moved from its position of support and left, it will 
in some cases return to it, pass by, and return again, and continue 
thus to vibrate till it settles in its place of support by friction and 
other resistances. This condition is called stable equilibrium. 

In other eases, when moved from its position of su])port and 
left, it will depart further from it, ajjd never recover that position 
again. This is called unstable equilibrium. 

In other cases stiU, the body, when moved from its place of 
support iind left, will remain, neither returning 
to it nor departing further from it This is called ^^**- ^^■ 

neutral eqtdlibrium. 

84. Stable Equilibrium.— Let the body 
(Fig. 59) be suspended on the pivot A. This is 
its base of support. While the centre of gravity 
is below A, the hue of direction EOF passes 
through the base, and the body is supported. Let 
it be moved aside, and the centre of gravity be 
left at G. Let C j; represent the force of gravity, 
and resolve it intoCiV'on the line ^i 0, andiV^, 
or G B, perpendicular to A G. 6 N is i-esisted 
by the strength of A, and G B moves the centre 




:yGoogle 



Fig. 60. 



THBEE KINDS OF EQUILIBEIUM. 53 

of gravity in the ai-c whose radius is A G. Hence the body swings 
with accelerated motion till the centre of gravity reaches 0, where 
the force G B becomes aero. But by its inertia, the body passes 
beyond that position, and ascends on the other side, till the retard- 
ing force of gravity stops it at g, as far from as G is. It then 
descends again, and would never cease to oscillate were there no 
obstmctiona. 

85. Unstable Equilibrinm.— Next, let the body be turned 
on the pivot till the centre of gravity G is at P, above A (Fig, 60). 
Then, as well as when G is below A, the body is 
supported, beeaase the line of direction E P J'passes 
through the base A. But if turned and left in the 
slightest degree out of that position, it cannot re- 
cover it again, but will depai-t further and further 
from it. Let Q R represent the force of gravity, 
and let it be resolved into G N, acting through A, 
and G Ji perpendicular to it The former is re- 
sisted by A : the latter moves G away from P, the 
place of support If the body is free to revolve 
about A, without falling from it, the centre of 
gravity will, by friction and other resistances, finally 
settle b^-low -*), as in the case of stable equilibrium. 

86. Weutral Equilibrium. — Once more, suppose the pivot 
supporting the body to bo at (?, the centre of gmvity ; then, in 
whatever situation the body is left, the line of direction passes 
through the base, and the body rests indifferently in any position. 

These tlii-ee kinds of equilibrium may be illustrated also by 
bodies resting by curved STirfaces on a horizontal plane. Thus, if 
a cylinder is uniformly dense, it will always have a neutral equi- 
librium, remaining wherever it is placed, Bui if. on account of 
unequal density, its centre of granty is not in the -.ixia. then its 
equilibrium is stable, when the centre of gravity 
is below the axis, and iimtable when above it. 

In general, there is stable equilibrium when 
the centre of gravity, on being disturbed in 
either direction, begins to me; unstable when, 
if disturbed either way, it begins to descend; 
and neutral when the disturbance neither raises 
nor lowers the centre of gi-avity. 

87. Questions on the Centire of Grav- 



Fra 61. 



1. A frame 30 feet high, and 4 feet in diam- 
eter, is ranked into an oblique fonii (Fig. GL), 
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till it is on tlie point of falling; i\iiat is its inclinntion to ili(! 
horizon? Ans. 78° 37' 4?". 

2. A stone tower, of the same dimensions as t!ie former, is in- 
clined till it is about to fall, hut preserves its rectangular form ; 
what is its inclination? Aiis. 78" 41' 24". 

3. A cube of uniform density lies on an inclined plane, and is 
prevented by friction from sliding down; to what inclination 
must the plane be tipped, tliat tlie cubo nmy just begin to roll 
down? Am. 45°. 

4. \Vliat must be the inclination of a plane, in order that a 
regular prism of any given number of sides may be at the limit 
between sliding and rolling down ? 

Alls. Equal to half the angle at the centi-e of the prism 
subtended by one side. 

5. A body weighing 83 lbs. is suspended, and drawn aside from 
the vertical 0° ; what pressure is there on tlie point of Bupport, 
and what force urges it down the arc ? 

_-I;is. Pressure on the support, 81,978 lbs. 
Moving force, 13.98i lbs. 

88. Motion of the Centre cf Gravity of a System 
when one of the Bodies is Moved.— 

When one body of a system is moved, the centre of gravity of tlie 
system moves in a siitiilar puth, and its velocity is to that of the moving 
hody as the mass of that body is to the nmss of the whole system. 

If the system contains but two bodies, A and Jl (Fig. C2), sup- 
pose A to remain at rest, while Jl 
describes the straight lines Ji C, ^'^- ^^■ 

CD, &e., the centre of gravity ff " 

will in the same time describe the 
similiir series, Cf H, JI J, &o, 
When B is in the position B, and 
the centre of gravity at G, A G : 
AB::B:A -^ B; when J3 is 
at G, AH :A0 ::£ -.A + J]; A<$ 
.■.AG:AB::AH:AC. Hence 

G II \i parallel to B C, and G H: B C::B: A + .IS. In like 
manner, tl J : CD : : B : A + B, &.c. Thus, all the parts of one 
path are parallel to the corresponding parts of the other, and Lave 
a constant ratio to them. Therefore the paths are similai". As 
the corresponding parts are described in eqnal times, their lengths 
are as the velocities. But the lengths are as £ : ^ + B; there- 
fore the velocity of the common centre of gravity is to that of the 
moving body as the mass of the moving body is to the mass of both. 
The same reasoning is applicable when the body moves in a curve. 
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If the system contain any number of bodies, and tlio centre of 
gravity of the whole be at ff, then the centre of griivity of all 
except B must be in the line B beyond G. Suppose it to be at 
A, and to remain at rest, while B moves; then it is proved in tlio 
same manner as before, tliat G, the centre of gravity of the whole 
Bystem, moves in a path pai'allel to the path of B, and with a 
velocity which is to B's velocity as the mnss of B to the muaa of 
the entire sj'stem. 

89. M-tiou of the Centre of Gf-ravity of a System when 
Several of the E=digs are Moved.— 

When any or all of the bodies of a si/stem are moved, ike centre 
of gravity moves in the samomanner as if all ike system ivcre coUectsd 
there, and acted on by the forces which act on the separate bodies. 

Let A, B, C, &c (Fig. G3), belong to a system containing any 
nnmher of bodies, and let M be the mass of the system. Let A 
be moved over A a, B over B b, C over C c, &c. And first sup- 
pose the motions to be made in equal successive times. If tlie 
centre ol' gravity of the system is first at G, then that cf all the 
bodies except A is in A G produced, as at g. "Wliile A moves to a, 
G moves in a parallel line to // (Art. 88), and G H: A a :: A : M. 
In hke manner, when B describes B b, the centre of gravity of tlie 
other bodies being sit h, the centre of gravity of the system de- 
scribes the parallel line, H K, and JI Ki B b:: B : M; and when 
moves, K L: V c:: C: 31, &e. Now, A a and G II represent 
the respective velocities of the 
body A, and the system J/ ; '^■"- ''^' 

therefore, if we convert the 
proportion G H: A a:: A: M 
into an equation, we have ^1 x 
Aa = M ■>< G H; that is, the 
momentum of the body A 
eqnals the momentum of the 
system M. It therefore re- 
quires the same force to move 
A over A a nsto move the system M over IT. The same is true 
of the other bodies. If then the several forces whicli move the 
bodies, limiting the number to three, for the present, were applied 
successively to the system collected at G, they would move it over 
G H, H K, K L. But if applied at once, they would move it over 
G L, the remaining side of the polygon. If, therefore, the forces, 
instead of acting successively on the bodies, were to move A over 
A a, B over B b, and G over G c, at the same time, the centre of 
gravity of the system would describe f? i in the same time. In the 
same way it may be proved, that whatever forces are applied to the 
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several bodies of a system, the centre of gravity of the system is 
moved in the same manner as a body equal to the whole system 
■wonld be moved, if all the same forces were applied to it. 

It is possible that the centre of gravity of a system shoiild 
remain at rest, while all the bodies in it are in motion. For, sup- 
pose all the forces acting on the bodies to be swch that tliey might 
be represented in direction and intensity by all the sides of a poly- 
gon, then, since a single body acted on by them would be in equi- 
hbrium, therefore the centre of gra^'ity of the system would remain 
at rest, though tlie bodies composing it are in motion. 

90. Mutual Action among ths Bodies of a System. — 

The forces which have been supposed to act on tlie several bodies 
of a system are from without, and not forces whicli some of tlio 
bodies within, the system exert on others. If the bodies of a sys- 
tem mutually attract or repel each other, such action cannot affect 
the centre of gravity of the whole system. For action and reac- 
tion are always opposite and equal. Whatever force one body 
exerts on any other to move it, that other exerts an equal force on 
the first, and the two actions produce equal and opposite effects on 
the centre of gravity between them. Therefore the centre of 
gravity of a system remains at rest, if the bodies which compose it 
are acted on only by tlieir mutual attractioi^s or repulsions. 

91. Examples oa the Motion of the Centre of Gravity. — 

1. Two bodies, A and B, of given weights, start together from 
D (Fig- 04), and move uniformly with given velocities in the direc- 
tions D A and D B ; required the di- 
rection and velocity of tlieir centre of Fir. 01. 
gravity. " 

As the directions oi D A and /> B 
are given, we know the angle A D B; 
from tlie given velocities, we also know 
the lines D A and D B, described in a 
certain time. Calculate tiie side A B, 
and the angles A and B. Find the 

place of the centre of gravity Q iictween the bodies at A and B. 
Then, in the triangle D B G, D B, B G, and angle B are known, 
by which may be found the distance D G passed over by the cen- 
tre of gravity in the time, and B D G the angle which its path 
makes with that of the body B. 

%. The bodies A and B, of given weights, start together from D 
(Fig. Go), and move with equal velocities in opposite directions 
around the circumference of a circle, meeting again at D ; what is 
the path of their centre of gravity ? 

Draw the diameter, D E, and join .1 and B, the jioints which 
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the bodies have reached after any given time. As D A and 1) £ 
are equal arcs, A B is perpendicular ta D E, and is bisected bj it 
Let G be the common centre of gravity of j1 and B, then 

A: B:- BGiAG; 
.: A + B : A - B :: B G + A G : B G ~ A G; 
: : A B : G M; 
:: AN : G JV. 



s to (? iV, the corre- 
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Thei-efore A N, the ordinate of the circle, i 

sponding ordinate of the figure de- 
scribed by the centre, always in the 

same constant ratio, of the sum of 

the bodies to tlieir difference. But 

tliis is a property of the ellipse, that, 

when its axis is the diameter of a 

circle, the corresponding ordinafes 

of the two figures are in a constant 

ratio. Hence the centre of gravity 

of A and B describes an ellipse, 

while they move, in the manner 

before stated, round the circle. . 
If the bodies approach equality, 

their difference grows less, and therefore the ellipse more eccentric, 

till, when the bodies are equal, the path of the centre of gravity is 

a straight line, as it eridently should be, in order to bisect the 

cliords, A B,i a, kc. 

3. Three bodies of given weight, A,B, G, in the same time and 

in the same order, describe with uniform velocity the three sides 
of the given triangle ABC (Fig. 66) ; required tlie path of their 
centre of gravity. 

Let G be their centre of ■* ^ „„ 

gravity before they move. If 
they move successively, G de- 
scribes G K, K L, L M, par- 
allel to the sides of the trian- 
gle, and having to them re- 
spectively the same ratios as 
the corresponding moving 
bodies have to the sum of the 
bodies (Art 89). Thus, three 

sides of the polygon are known ; and the angle K= B, and L=^ G. 
These data are sufficient for calcplating the fourth side, G M, which 
the centre of gravity describes, when the bodies move together. 

4. Show that when the three bodies in Example 3d are equal, 
the centre of gi'avity will remain at rest 
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5. A (Fig. CI) weiglis one pound; 
B weighs tvjo iTOUiids, and lies dii-eet- 
\j eaafc of A; they move simulta- 
neoasly, A nortliward, and B east- 
ward, at the same nnifoiin rate of iO 
feet per second ; required the direc- 
tion and velocity of their centre of 
gravity. 

Ans. Velocity is 20.814 feet per second. 
Direction is E. 3C° 33' U" N. 




CHAPTER V. 

THE COLLISION OF EDDIES. 

S2. Elostis and IaolEeti3 B:;dis3. — Elastic bodies are 
those which, when compressed, or in auy way altered in form, 
tend to return to their original state. Those which show no such 
tendency are called inelastic or non-elastic. Ko substance is 
known which is entirely destitute of the property of elasticity ; 
but some have it in so small a degree, that tliey ai^e called inelas- 
tic, sach as lead and clay. Elasticity is perfect wlion the restoriiui 
force, whether great or small, is equal to the compressing force. 
Air, and the gases genci-ally, aeem to be almost jwi-Eectly claslic ; 
ivory, glass, and tempered steel, are imperfectlj', though highly, 
elastic ; and in diffei-ent substances, the property exists in all con- 
ceivable degrees between the above-named limits. 

93. Mode of Experimeutins;. — Esperiments on collision 
may be made with balls of tlie 



same density suspended by 
long threads, so as to move in 
the line which joins their cen- 
tres of gravity. If the ares 
through whieli they swing are 
short compared with their 
radii, the balls, let fall from 
different heights, will reach the 
bottom sensibly at the same 
time, and will impinge with 
velocities which are very nearly 
proportional to the area. Thus 
A (Kg. C8), failing from 6, 



■^g^^^^a^ gamsiy 
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iind B from 3, will come into collision at 0, witli velocities -vvbicli 
are as 3 : 1. 

94. Collision of Inelastic Eodies.— Siicli bodies, sifter im- 
pact, move together as one mass. 

The velocity of two inelastic iodies after collision is equal to tlie 
algebraic sum of their momenta^ divided by the sum of the bodies. 

Ijet A, B, repreeent the masses of the two bodies, and a, I/, tiieir 
respective velocities. Considering a as positive, if B moves in tha 
opposite direction, its Telocity must be called — 5. Let v bo the 
common velocity after impact. 

1. Same directions. — The momentnm of .il is .^ a; that of 7? is 
B b; and the momentum of both after collision is {A + B) r. 
According to the third law of motion {Art. 13), whatever mo- 
mentum A loses, B gains, eo that the whole momentum is the 
same after collision as before ; therefore 

Ti , , . r,\ A a + B b 

Aa + Bb=iA + B)v;.:v= -j-:^jj^- 

If B is at rest before impact, 5 = 0, and v = -i-rV,- 

To find the loss or j^ain of velocity for either body, multiply 
the other body by the difference of velocities, and divide by the sum 
of the bodies. For, A'a velocity before impact was a ; after impact 
.^. A(t + Bb ^, . ^, , Aa + Bb B{a-b) 

it IS — :; rr- \ therefore the loss = a 3-7— ii~ = —1—,— n-- 

A + B A + B A + B 

But. B's gain is the velocity after impact diminished by the velo- 
Aa + Bb ^ _ Ma -h) 
A+B~' 



eitv before, i. e., ■ 



When B is at rest, these expressions become 
Ba . ,, , Aa „ „, 

2. Opposite directions.— S'mce b is negative, v = ^ ^j— ■ 

To find loss or pain in this case, multiply tlie olher body by the 
sum of the velocities, and divide by the sum of the bodies. For, 
A's loss 

_Aa~B_h _B(a + b) 
~'^ A + B^ ~"A + B ' 
and B's gain 

_-_ A jft + h) 

\- B '^ " A + B 



= '^-.nr -(-*)= ^-7-7^ + * 



In the case of opposite motions, the formula for v becomes zero, 
when A a = Bi; but in that case, A : B : : h : a. Hence, if 
bodies which meet each other have velocities inversely as the 
quantities, they will be at rest after the collision. 
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95. Questions on Inelastic Bodies.— 

1. A, weighing 3 oz., and moving 10 feet per sGconiJ, overtakea 
J5, -weighing 3 oz., and moving 3 i'eet per second; what is the 
common velocity after impact ? Ans. 71 feet per second, 

2. A weight of 7 oz., moving 11 feet per second, strikes upon 
another at rest weighing 15 oa. ; j-equired the velocity after im- 
pact? Am. 3 J feet per second. 

3. A weighs 4 and Ji 2 pounds; they meet in opposite direc- 
tions, A witli a velocity of 9, and B with one of 5 feet per second ; 
what is tlie common velocity after impact ? 

A]is. 4J foet per second. 
i. A — '^ pounds, B = i pounds ; they move in the same di- 
rection, with velocities of 9 and 3 feet per second; required the 
velocity lost hy A and gained hy £? Am. A 2y\, B 4/y. 

5. A body moving 7 feet per second, meets another moving 
3 feet per second, and thus loses half its momentum; what 
are the relative masses of the two bodies? 

Ans. A:B::1Z:1. 

6. A weiglis 6 pounds aud B 5; Ji is moving 7 feet per sec- 
ond, in the same direction us A; by collision B's velocity is 
doubled; what was A's velocity before impact? 

Ans. 19^ feet per sccoud. 

96. Collision of Slastic Bodies.— -Elastic bodies after col- 
lision do not move together, but each has its own velocity. These 
velocities are found by doubling the hss and gain of inelastic 
bodies. When tlie elastic body A impinges on £, it loses velocity 
while it is becoming compressed, and again, while recovering its 
form, it loses as much more, because the restoring force is equal to 
the compressing force. For a like reason, B gains as much velo- 
city while recovering its form as it gained while being compressed 
by the action of A. Hence, doubling the exiirejsions for loss and 
gain given in Art. 94, and applymg them to the original velocities, 
■we find the velocity of each body after collision, on the supposition 
of peifeet elasticity. 

When the directions are the SEimc, 

the velocity of vl — a — — i '""ji~"' 



that oiB=hi-~- --,;-' 
When the directions are opposite, 

the velocity of A =: a 

that of .fi = - 6 + 



ZA{a-i) 



■' A {a H- , 

A + n 
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Reducing these espressions, we have for the velocities of elastic 
bodies after coUision the folluwiiig formube : 

(1.) Same direction. Velocity of ^ = '^— —- J— - ~ '' -. 

(3.) Same direction. Velocity ot B =r ^^1^)JL+-AJ}. 

(3.) Opposite directions. Velocity of ^ = A~^~n "' 

<4-) 



A + U 

97. Equal Elastic Bodies. — After the impact of cqnal elaatio 
bodies, ca-.-h takes the original velocity of the other. When A = B, 
fonnula (1) is reduced to h; and formula (S) to a; thiit is, A has 
B's former velocity, and B has A's. The same is true if they move 
in opposite directions. For, when A = B, formula (3) beeoraea 
— b, which was B's original velocity, and fonnula (4) becomes a, 
which was A's. Therefore, in the opposite motions of equal elastic 
bodies, collision causes each to rebound, since + « is exchanged 
for — b, and — 5 f or + «. 

If we reduce these fonr formulfs for the case in which A = B, 
and B is at rest, we find the same interchange of conditions; for 
formuk (1) becomes 0, and formula (2) becomes a; so formula (3) 
becomes 0, and formula (4) becomes a. 

98. tTneqiial ElKstio Bsdies. — 

1. If a greater body impinge on a less one at rest, the imping- 
ing body goes forward, but slower than before, and the other pre- 
cedes it ivith a greater velocity than the impinging body first had. 

For, fonnula (1) becomes ■■ ■ .- ■ — =r—, which is positive, but less 

than a; therefore it advances, though slower tlian before. Cut 

formula (2) becomes -7- — ™ which is greater than a; hence, J5 

goes on faster than A did before collision. 

3. If a less body impinge on a greater one at rest, it rebounds, 
and the other goes fonvard, but with a less velocity than iliat 

which the impinging body first had, For, . . - is negative, 

. 2^« . , ,, 
and -. — ,i 13 loss than a. 
A+B 

3. If two elastic bodies, having eqttal velocities, meet each 

other, and one of them is brought to rest, its mass is three times 

as great as Uiat of the other. For, as the velocities arc equal, by 
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formula (3), ^^^ ^_^~^^ - ^ 0; .: {A ^ £) a - 2 Ba = 
.-. ^ = 3 B. 

99. Ssries of Elastic B=dies.— 

1. Equal bodies. — Let a row of equal elastic bodies, A, B, C. . 
(Fig. 09) be saapended in contact; then 
(Art. 97), if A be drawn back and left to Fia.CO. 

&11 against B, it will rest after impact, and , 
JBwill tend to move on with -(4's velocity; 
after the impact of 5 on C, B will remain, 
and C tend to move with the same velocity ; 
and so the motion will be transmitted through 
the series, and F will move away, while aU 
the others remain at rest. 

3, Decreasing series. — If the bodies de- 
crease, as A, J5, C, &c. (Fig. 70), and A be 
drawn back to A', and allowed to fall against 
B, then (Art. 98) A still moves forward, 
while B receives a greater velocity than A 
had, C still greater, &c The last of the series, tiiereforc, moves 
with the greatest velocity, and each one with a gi-oatcr velocity 
than that which impinged on it. 





3. Increasing series. — If the bodies increase, as A, B, G, &c. 
(Fig, 71), then, when A falls from A' against B, it imparts to B a 




less velocity than it had itself, and robonnds (Art 98) ; in like 
manner B rebounds from C, and so on ; while the last of the series 
goes fonvard with less velocity than any previous one would have 
had if it had been the last. 
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If the bodice in Fig. 70 are in geometrical progression, the 

velocity of the first to that of the last is as 1 : \:r~ ] 

Let the series be A, Ar, Ar' .... Af ~ '. 

By Art. 98, when A impinges on B at rest the velocity com- 

mnnicated to B is ^-^^ = -^^^-^ = -^-- - = S. 

Again, the velocity imparted to C ia 

2 Bb _ 2 Ar 3_«_ _ __2'_a _ 

B +"0" Ar + Ar' ^ 1 + r " (1 + r)'' 

Hence the successive velocities are a, ^^-, -,ir— — ^,1, ifcc,, from 
1 + r (1 + r) 

which it appeai-a that any term in the series is found by multiply- 
ing the original velocity by 3, raised to a power one less than the 
number of terms and dirided by 1 + r raised to tlie same power, 

Conseqiiently, the last term is j- ~^--\- Hence, vcL of the fn-st: 

vel. of the last ■.-.a: y-, -.\„^^i ■ ■ ^ ■ ("T" iT") 

100, Qiiestions on Elastic Bodies. — 

1. A, weighing 10 lbs. and moving 8 feet per second, impinges 
on B, weighing 6 lbs. and moving in the same direction, 5 feet 
per second ; what are the velocities of A and B after impact ? 

Ans. A'3 = 51 B's = 8,J. 
3. A: B::i:d; directions the same ; velocities 5:4; what is 
the ratio of their velocities after impact ? Ans. 29 ; 36. 

3, A, weighing 4 lbs,, velocity 6, meets B, weighing 8 lbs,, 
velocity 4 ; required their respective directions and velocities after 
collision ? Ans, A is reflected back irith a velocity of 7J, 

and B with a velocity of 3^. 

4, A and B move in opposite directions ; A equals 4 B, and 
S = 3 a ; bow do the bodies move after collision ? 

AtlS. a retums with I, B with 1-^ its original velocity. 

5, There are ten bodies whose masses increase geometrically 
by the constant ratio 3, and the first impinges on the second 
with the velocity of 5 feet per second; required the motion of the 
last body ? Ans. The last body would move with the 

velocity of ^^^ feet per second. 

101. Living Force lost in the Conision of Inelastic 
Bodies.— The amount of living force (Art. 35) before collision is 

Aa' + Bb'; and after collision it is (A + B) >i ^jj-^- m?- = 
. i ,,- — . Subtract the latter from the former, and call the 
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remainder d. Then d= Aa' + Bb'— — i 7" n" ■ Expancliiig 
and uniting terms, d ~ — ■ -. — y: — . Tliia vaiuc of d is positii-e, 

because (a — by is necessarily positive, as well as .^1 and B. Thcve- 
fore there is always a loss of living force in the collision of inelas- 
tic bodies. 

102. Livii^ Force Presesrved in the Collision of Elastic 

Eoclie3.— The living force of A before collision is ^ a" ; after col- 
lision, it is ^ X -^^ J-.- — j,y '-. Subti-aetingthelatterfrom 

the former, the loss (supposing there is loss) is 

{A + Iif A a'-{A-L'y A a'-i {A—B) A liai-AA IP Ir 

{AJt Bf - - - - . . (1.) 

The liring force of B before collision is B V ; after collision, it 

. „ UB- A)]} + 2Aa\' ,,, . „ , . 

is B X ———r-r — rru, ■ i ^'^^ the expression lor loss is 

{A + By ' 

{A+ BY B F-(B-Ay B!)'-i (B-A) ABab-iA' Ba^ 

[A+sy ■ """ - - ■ • • (^0 

Therefore the total loss of hviiig force is the sum of the expres- 
sions (1.) and (2.). 

Eedneing the tivo first terms in each fraction io one, the frac- 
tions become 

4: A' Ba'-i{A- B)A Ba b-iA /P b' 

{A + Bf ■ " • • • • ^"■* 
iAB~-b'-'i:(B-A)ABnb-4: A' B a' 
and — -jAVBy — ■■■■ (*■) 

If the fractions (3) and (4) he added, it is evident that the nn- 
merators cancel each other, and therefore the sum of the fractions 
is zero. Hence, there is no loss of living force in the collision of 
elastic bodies. 

103. Impact on an Immovabla P!ane. — If an inelastic 
body strikes a plane perpendicularly, its motion is simply destroyed; 
in strictness, however, it imparts an infinitely small velocity to the 
body called immovable. If it strilies obliquely, and the piano is 
smooth, it slides along the plane "ivith a diminished velocity. Let 
A L (Fig. 'i'2) represent the motion of the body before impact on 
the plane P N, and resolve it into 
A C, iierpendicular, and L, par- ^'" '^^■ 

allel to the plane. Then ^ (7, as 
before, is destroyed, but L is 
not affected ; hence the former 
velocity ia to its velocity on tlie 
plane, as .^ i : GL : : radius : co- 
Bine of the inclination. 
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If a perfectly elastic body impinges perpendicitlarly npon a 
plane, then, after its motion ia destroyed, the force hy which it 
resumes its form causes an equiil motion in the opposite direction ; 
that is, the body rebounds in its own patli as swiftly as it stiiicb, 
But if the impact is oblique, the body rebounds at an equal angle 
on the opposite sido of tlie pei-pcndicular. For, resolve j1 i, as 
before, into ^ C, C L; the latter continues uniformly ; but, instead 
of the component A C, there is an equal motion in 1he opposite 
direction. Therefore, if i i) ia made equal to C L, and D E equal 
to A 0, the resultant of £ D and D Eis L E, which is equal to 
A L, and has the samo inclination to tho plane. Ilcnco, tho 
angles of iaeidence tind reflection are equal, and on opposite sides 
of the perpendicular to tlie surface at tho place of impact. 

104. Imperfect Elasticity.— Tho formuhc for tho velocity 
of bodies after collision, and tlio statements of the prcccdiiig arti- 
cle, are correct only on the supposition that bodies are, on the one 
hand, entirely destitute of elasticity, or en the other perfectly 
elastic. As no solid bodies are known, which are strictly of cither 
class, these deductions are found to be only near approsimationa 
to the results of exiienment. In al! practical cases of the impact 
of movable bodies, the loss and gain of velocity are greater than if 
they were inelastic, and loss than if jwrfeetly e^stic. And in cases 
of impact on a plane, there is always some velocity of i-ebonnd, but 
less than the previous velocity ; and therefore, if the collision is 
oblique, the body has less velocity, and makes a smaller angle with 
the plane tlian before. For, making D F less than A V, the 
resultant L F is less than A L, and the angle D L !•' is smaller 
i]\mD LE,oiA L C. 



CHAPTER VI. 
SIMPLE JI A CII I X E S 



105- ClasslEcstlon of J^Sachiues.— In tlie preceding chap- 
ters, tho motion of bodies lias been supposed to arise from the im- 
mediaf« action of one or mora forces. But a force may produce 
effects indirectly, by means of something which is interposed for 
the purpose of changing the mode of action. These intervening 
bodies are called, in general, macliinea; though the names, tools, 
inslrmnents, engines, &c., ai'e used to designate particular classes 
of them. The elements of machinery arc called simple machines. 
The following list embraces those in most c 

1. The lever. 

2. T!ie wheel and axle. 
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3. The pulley. 

4. The rope machine. 

5. The iiielined plane. 
C. The wedge 

t. The screw. 
8. The knee-joint. 

In respect to principle, those eight, and all oLhcrs, may be re- 
duced to three. 

1. The law of equal moments, applicable in those caaes in which 
the machine turns on a pivot or axis, as in the lever itnd the wheel 
and axle. 

2. The principle of transmitted tension, to be applied wherever 
the force is exerted through a. flexible cord, as in the pulley or 
rope machine. 

3. Tlie principle of oblique action, applicable to all the other 
machines, the force being employed to balanco or overcome one 
component only of the resistance. 

The force which ordinarily puts a machine in motion is called 
the potcer; the force which resists the power, and is balanced or 
ovei-corae by it, is called the ineight. 

A compound machine is ore in which two or more simple ma- 
chines are so connected that the weight of the iirst constitutes the 
power cf the second, the weight of the second the power of the 
third, &o. 

I. Tni: LEViiii. 

106. The Three Ordeo of Etr-vight Lever.— The lover is 
a bar of any form, free to turn on a 
fixed point, which is called iha fulcrum. ^'"''- '^'- q 3 

In the first order of lever, the fulcrum , -^ , 

is between the power and weight {Fig. pB ^' 

TS) ; in the second, the weight is between Q 

the power and fulcrum (Fig. 74) ; in '^ 

the third, the power is between the weight and fulcrum (Fig. I'd). 
Fig. 74 Fio. 7r>, 



i-f 



If P aud ir, m cither of these figures, represent forces acting 

HostocCyGoOgle 



EQUAL MOMENTS. 67 

in vertical lines, then the circumstances of equilibrium are deter- 
mined by the laws of parallel farces (Art. 5i), In Fig. 73, if 1' 
smd Warn in equilibrium, their resultant will bo so situated at (7, 
tliat P • W : : li G : A C; aai the fulcrum must be at that point, 
and be able to sustain a pressure equal to P + If. In Fig, 74, P 
and the reaction of P at C are two upwai-d forces, ivhose resultant 
is counterbalanced by 11'; then IF is represented by the whole 
lise, and/* by the pact B C; :.P: W :: B 0: A C, aa before. 
The pressure on F equals TI'' — P. In Fig. 75, TT and the reac- 
tion of F are downward forces, whose resultant is at A, in equi- 
librium with P. Here P is represented by the whole line B C, 
and W by the part A C; .: P : W : : B C : A 0. The upwai'd 
pressure against F is equal to P ~ IF. 

Hence, in each order of the straight lever, when the forces act 
in paraUol lines, 

27ie power and icdgltt arc invcrsehj as the lengths of the arws 
on which they act. 

107. Equal Moments in Eelaticn to t'-,e rulcmm. — 
(Jhangiug ihe proportion into an e(iuation, we lliid for each oj'der 
of the lever, P x A C^W x BC; that is, 

The poiver and weight have equal mmnents in relation to the 
ftilcruin. 

The moment of either force is the measure of its efficiency to 
turn the lever; for, since the lever is in equilibrium, the efiiciency 
of the power to turn it in one direction must equal the eflieieney 
of the weight to turn it in the opposite diroeticn. We may there- 
fore use P X A C to represent t!ie former, and iF x B 0, tJic 
latter. 

It several forces, as in Fig. 76, are in equilibrium, some tending 



to turn the bar in one direction, and others in the oppositi^, then 
A and B must have the same efBeiency to produce one motion as 
G and D have to produce the opposite : that is, -i x ^ G + PxB G 
^Cx CG + B X DG; or, 

The sum of the momenta of A and B equals the sum of the mo- 
ments of C and D. 

In order to allow for the influence of the weight of the lever 
itself, consider it to be collected at its centre of gravity, and add 
its moment to that of the power or weight, according as it aids 
the one or the other. In Fig. 'i'S, let the weight of the lever = w. 
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and the lUstance of it3 centre from 6' on the side of P = m; then 
P X A C + mw=W i< B G. In the 2d and 3d orders, the mo- 
ment of the lever neceesaiily aids tlie weight ; and hencCj in each 
case, FxAC=WxBa+m w. 

If a weight hangs on a har between two supports, as in Pig. 77, 
it may "be regarded as a lever of the 
2d order, the reaction of either sup- 
port heing considered as a power. 
Lot-Fdenotethe reaction at A, and 
F' at C; then hy the theorems of 
parallel forces, we have the pressures 
at A and C inversely as their dis- 
tances from B, and IF ~ F + F'. 

lOS. The Acting Distance.— In the three orders, as above 
descriljed, the eiiuililinnni is not destroyed by inclining the lever 
to any angle whatever with the horizon, provided the centi'e of 
motion C is at the centre of gravity of the bar, and not adom or 
hchw it, and prorided the directions of the forces remain vertical. 
For, by the principle of parallel forces, anp sh-aight line intersect- 
ing the lines of the forces is divided by the line of the resiiltant 
into parts which are inversely as the forces; therefore (Kg. 78) 
bC:aC:iP: W. Hence, the re- 
sultant (jf P and W remains at C, in 
every position of the lever. By sim- 
ilar triangles. 5 C: a C: : GN: C Jf; 
.-.P-.W:: C N: CJI; .: P x C Jf 
= W X C N. The lines C Jf and 
G 2\, which are drawn from the ful- 
cnim porpendicnlar to the lines in 
which the forces act, are called the 
acting distances of the power and 
weight, respectively. And as they may be employed ii 
irregular form, the moments of power and weight i 
measnred by the products, P x C Muni W x O N'; therefore, the 
power nviJtiplied hy its acting distance equals the weight multiplied 
hg its acting distance j or, more briefly, the moment of tlie power 
cqniils the moment of the weight, as in Art. 107. In Figs. 73, 74, 
and 75, the acting distances arc in each case identical with the 
aa-ms of the lever. 

109, Lever not Straight, and Forces net Parallel.— 
Let A C B (Fig. 79) be a lever of any form, and let it be in eqni- 
librium by the forces P and F', acting in any oblique directions 
in the same plane. Produce F A and P' B till they meet in D; 
then, if the fulcrum is at C, the resultant must be in the direction 
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B 0; otherwise the reaction of the fulcrum cannot keep the sys- 
tem in equilibrium (Ai-t 60, 9). 
Therefore (Art. 61) P : F' : : sia ^'*'' '"■ 

JSD C:sin A D C. 

Driiiv M perpendicular to 
A D, and G ^ to B D, and they 
are the sines oi A D C and B D G, 
to the same radius D 0, 
.•.P:F'::CN:GM;mAP%CM 

= F' X ON. 
The hues C M and C iV are the act- 
ing distances of P and F'; there- 
fore the law of the lever in all cases is 

The m07nmi of the poteer equals the moinent of the toeigl 
When the forces act obliquely, the pressure on IJie fulcram is 
less than the sum of the forces ; for, if G E is parallel to B B, 
tlien D E, E G, and G D, represent the three forces which are in 
equilibrium. But G B is less than the sum of I) E and E G. 

110. The Compound Lever.— "When a lever acts on a 
second, that on a third, &.C., the machine is called a compound 
Jever. The law of equilibrium is — 

The power is to the toeight as ihe product of tJie acting distances 
on the side of the weight is to ihe product of the acting distances on 
IJte side of the poioer. 

Let the force exerted hy A B on B D (Fig. 80) be called x, and 




'y_J* 



: B C:AG; 
■.DF:B F; 
EG:B G. 



that of 5 C on D .E' be called y ; then 

P: 
and X : 
and y -.W: 
Oomponnding these proportions, and dividin 
the common factora, we have 

P:W::BGi<BFxEG:AGxBFxBG. 
If the levers were of irregular forms, the acting distances might 
not be ideiiticEil with the arms, as tliey ai'c in the ligure. 



5 the first couplet by 
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111. TliG Balance. — This is a common uml vahuible instru- 
ment for weighing. It ia a etvaiglit lever with ccjiial arms, hivving 
scale-pans, either suspended, at tho ends, or standing upon them, 
one to contain the poises, and the other tho Buhstiince to be 
weighed. For scientific purposes, particulai'ly for chemical analy- 
sis, gi"eat care is bestowed on the constiiiction of the balance. 

The arms of the haknee, measured from the fulcrum to the 
points of suspension, must be precisely equaL 

The knife-edges forming the fulcrum, and the points of sus- 
pension, are made of hardened steel, and un-anged exactly in a 
straight line. 

The ccnti'e of gravity of tho beam is ieloto the fulcrum, so that 
there may be a stable equilibrium; and yet below it by an exceed- 
ingly small distance, in order that the balance may be very 
sensitive. 

To prcsen"e the edge of the fnlcnrm fi-om ijijnry, the beam is 
raised by supports called T's, when not in use. 

A long index at right angles to the beam, points to zero on a 
scale when the beam is horizontah 

To protect the instrnment from dust and moisture at all times, 
and from air-curi'ents while weighing, the biUance is in a glass 
case, ivliosc fi-unt can he raised or lowered at pleasui'o. 




A balance for chemical analysis is shown in Fig. 81. By turn- 
ing the knob 0, the beam can be raised on the Y's A A from the 
flurfacc on which the fulcrum K rests. The screw C raises and 
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lowers the fuleram in relation to the centre of gravity of tlie beani, 
in order to increase or diminish the sensitiveness of the instru- 
ment. In the most carefully made balances, the index will make 
a perccptiblo change, by adding to the scale one milKonlli of the 
poise. 

For commercial piirposes, it is convenient to Lave the scale- 
pans above the beam. This is done by the nsc of additional bars, 
which with the heam form parallelograms, whose upright sides 
are rods, projecting npwanl, and supporting the scales. &neh con- 
trivances necessarily increase friction ; but balances so constmctcd 
are sufficiently sensitive for crdiuaiy weighing. 

112. The Sieeljrard. — This is a weighing instrnment, having 
a graduated arm, along which a poise may be moved, in order to 
balance various weights on the short arm. Whdo the moment of 
the article weighed is clianged by increasing or diminiahing its 
quantity, that of the poise is changed by altering its acting dis- 
tance, "since P -a A C = W if B C (Fig. 83), and P is constant, 



and also the distance B C constant, AC 'x W , \\ ntt, it 11" is suc- 
cessively 1 lb., 3 lbs., 3 lbs., &C,, the distances of the notches, a, i, c, 
&.C., are as 1, 3, 3, &c. ; in other words, the bar CJ) is divided into 
equal pai-ts. In this case, the graduation begins from tho fuleram 
as the zero point. 

But suppose, what is often trac, that the contra of gradty cf 
tlie steelyard is on tho long arm, and that P placed at E would 
balance it ; then the moment of tho instrument itself is on the 
side G D, and equals P x C E. Hence, the cf[uation becomes 

F X A G -^ P y. C B = W X B C; oi: 

P X AE = Wx BC. 
.-. Wx A E; and the graduation must be considered aa com- 
mencing at E for the zero point Such a steelyard cannot iveigli 
below a certain limit, corresponding to the first notch a. 

To find the length of tho divisions on the bar, divide A E, the 
distance of the poise from the zero point, by W, the number of 
units balanced by P, when at that distaucc. 
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fulcnims, Olio for loss and the otlier 



The steelyard often lias ti'.' 
for greater weights. 

113, Plaform Scales. — This name is given to maehiiioa 
arranged for wcigliing hea\y and hullcy articles of merchandise. 
The largest, for cattle, loaded wagons, &c., are constructed with 
the platform at the eniface of the ground. In order tliat the plat- 
foi-m may stand firmly heneath its load, it rests hy four feet on as 
many levci-s of the second order, whose arms have equal ratios. 
A F, B F,CG,DG (Fig. 83), are four such levers, resting on the 




flier s i B C D h le tl otl er ei Is meet n tl c k f 
edge JT of n tl ric er i ¥ Tl s f ftl le rlat, Isf Icn 
at £ a I ts tei xtr n ty b tt hcl 1) t t al lol M A 
to a steely Twloseflnms/' djo P Tlefe leve 3 
are rra ged a 6 [ are e v ty j t b Ion tl s rf c of tl e 
gro n 1 Tl e lotted 1 n sho s tl o tl e of tl c ca t\ tl e 
hearing points of the four levers, //, /, J, K, rest the fact of the 
platform (not represented), which is flraily built of plunk, and just 
fits into the top of the cavity mthout touching tlio sides. The 
machine is a compound lever of three parts ; for the four levers 
act as one at F O, and are used to give steadiness to Ihu platform 
wliich rests uiion them. 

A construction quite similar to the above is made of portable 
size, and used in all mercantile establishments for weighing heavy 
goods. 



114. Questions en the Lever.- 

form bar, 2 feet long, and weighs 
4 oz. ; where must the fulcrum bo 
put, that the bar may be balanced _- 
by P, weighing 5 lbs.? 

Ans. I of an inch from A. 

2. A lever of the secind order 

ia.2jiJct long; at what distance from 



-1. A B (Fig. 84) is a uiii- 
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of 12j poiiiula Ije placed, so tliat it may hi supportet! by a power 
able to sustain 60 pounds, acting at tbe extremity of the lever. 
Alls. 13 feet. 

3. A and B are of the same height, and snstain upon their 
shoulders a ivcight of 150 ponnils, placed on a pola d\ feet long; 
the weight ia placed 6| feet from A ; what is tlie weight sustained 
by each person ? 

Am. A sustains 4S4 lbs., and B sustains 107, lbs. 

4. The longer arm of a steelyard is 2 feet 3 inches in length, 
and the shorter 3.^ inches; and its apparatus of hooks, &c., is so 
contrived tliat a weight of 3 pounds, placed upon the longer arm, 
at the distance of 1 inches from the centre of motio a, "will balance 
8 pounds placed at tlie extremity of the shorter arm ; the movable 
weight (of 3 pounds) cannot conveniently be placed nearer to the 
fulcmm tlian ^ of an inch; what must be the graduation of the 
steelyard that it may ■weigh ounces, and what will be the greatest 
and least weights that can be ascertained by it ? 

Ans. The graduation ia to ISths of an inch ; and it wiil 
weigh from 1 to 20 pounds. 

5. A I)eni lever, A B (Tig. 85), has the arm A G = 3 f^ct, 
OB = % feet, P ^ 5 lbs., and the an- 
gle ^ C S = 140°; what weight, B', ^ X"*' '^'^'■ 
must be attached at B, in oixler to 
keep A C horizontal" 

Ans. 3,4476 lbs. 

6. A cylindrical straight lever is 
14 feet long, and weighs 6 lbs. 5 oz. ; 
ite longer arm is 9, and its shorter 5 
feet ; at the extremity of its shorter 
arm a weight of 15 lbs. 3 oz. is sus- 
pended; what weight must be placed 
at the extremity of the longer arm to 
keep it in equilibrium ? 

7. A uniform bar, 13 feet long, weighs 7 H 
lbs. hangs on one end, and 3 feet from it is applied an upward 
force of 35 lbs. ; where must the fulcrum be put to produce eqni- 
hhrium? Aiis. 1 foot fram the 10 lbs. 

8. The lengths of the arms of a balance are a and h. When p 
ounces are hung on a, they balance a certain body ; but it requires 
q ounces to balance the same body, when placed in the other scale. 
What is the trae weight of the body ? According to the first 
weighing, ap = b z; according to the second, h q = ax, .: ahpq 
.= ai r°, and x = Vp q. Henee, the true weight ia a geometrical 
mean between the apparent weights. 
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0. On one arm of a fiilse balance a body weighs 11 lb;;. ; cii the 
other, 17 lbs, 3 oz.; what is the true weight? 

Ans. 13 lbs. 13 oa. 

10. Four Avoighta of 1, 3, 6, 7 lbs., rcsjiectively, are Bnspended 
from points of a straight lover, eight inclics apiirt ; how far from 
the point of suspension of the first weight must the fulcrara be 
placed, that the weights may be in eqailibrium ? 

Ans. 17 inches. 

11. Two weights keep a horizontal lever at rest, the pressure 
on the fulcrnui being 10 lbs., tlie diifereneo of the weights 4 lbs., 
and ihe difference of the lever arms 9 inches; what are the ireig!it3 
and their lever arms? 

Ans. Weights, 7 IIjs. and 3 lbs.; arms, GJ in. and 15] in. 



iuspendcd from the axle, tenil- 



11. The '\^'n3;rL axd Asls. 

115. Bcsctiption and Law of €ie Machhie. — The wheel 
and axle consists of a cylinder and a vlicel, firmly united, and free 
to mvolve on a common axis. The power acts at the circumfer- 
ence of the wheel in the direction of a tangent, and the weight in 
the same manner, at the circumference of the cylinder or axle ; so 
that the acting distances are the radii at tlie two points of contact. 
As the Bystem revoives, th9 radii Buccossively talto the place of 
acting distances, without alteiing at nil tlie relation of the forces 
to each other. The wheel and axle is therefore a l;ind of endless 
lever. 

Let W (Fig. SG) be the weight s 
ing to revolve it on the hne L 1/, 
and F, the power acting on the 
wheel, tendmg to revolve the B a 
ttm ID the opposite direction It 

is plain that the acting distances 

Die the mdins of the axle, and A C 

tlie radius of the wheeh In ca'^t ot 

eqmhbniim, the moment d 11 

equals tlie moment of P. Callin:; 

the radnis of the axle r, and tl..^ 

radms ot the nhtcl F, then IK x r 

= r X II 01 

P . Ti ..r:ll. 
If, instead of the weight P, suspended on the wheel, the rope 

be drawn by any force in the direction P' or P", it is still tangent 

to the circiimference, and therefore its acting distance, C2>or C B, 

the same as before. In general, the law of equilibrium for this 

machine is. 
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s the radius of the axle to lite radiv.s 
17) is 




Tlie jmwcr is to iJie ii:eigM a 
of the wheel. 

If the ro^je on tlio wheel, being fastened at A (Fig 
drawn by the side of the wheel, as A P', 
the acting distance of the power is dimin- '^"'- ^*- 

ished from .^ to G E, and therefore its 
efficiency is diminished in the same ratio- 
Were the rope drawn away from the | 
wlieel, as A P", making an equal i 
on the other side of A P, the same effect 
is produced, the acting distance now be- 
coming C F. 

The radins of the wheel and the radiua 
of the axle should each be reckoned from 
tlie axis of rotation to the cenlre of the 

rope; that is, half of the thickness of the rope shonld be added to 
the radius of the circle on which it is coiled. Calling t tlic half 
thickness of the rope on the axle, and i' that of tJie ro^Te on tiio 
wh^el, the proportion for equilibrium is, P :]¥■.: r + t : 
R + t'. 

116. Tha Compjnnd "Wheel and Axle.— "When a train 
of wheels, like that in Fig. 68, is put in 
motion, those which communicate mo- 
tion by the circumference are called 
driving wheels, as A and 0; those which 
receive motion by the circumfercnt e are 
called driven wheels. And the Uw of 
eqaiiibrium is, 

The power is to the loeight as the pro 
duct of tlie radii of the driving nheels 
to the product of the radii of the dritcn 
wheels. 

The crank P Q is to be reckoned 
among driven wheels ; the axle i7nm'"njf dining nhcLU 

Let the radins of B be called i? ; of i), iJ' ; of ^, r ; of C, r' ; 
of E, r". Call the force exerted hj Aoa B,x; that of Con D, y. 
Then 

P:x::r i P Q; 
z-.y.-.T- iR; 
y.W:: r " : R'; 
.: P:W::rx r' x r" : P Q x R x. Pi'. 

If the driving wheels are equal to each other, and also the 
driven wheels, and the number of each is n, then 
P:W::r''.R\ 
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117. Direction and Rate of Revolu'doii. — Vi'liv;!! tivo 
wheels are goared together hy teeth, tiiey necessarily revolve in 
contrary directions. Hence, in a train of wheels, the alternate 
axles revolve the same way. 

The eirciiraferenees of two wheels which are in ge^r move witli 
the same velocity ; hence the nnmher of revolutiona will be re- 
ciprocally as the radii of the wheels. 

Since teeth which geai- together are of the eame size, the rela- 
tive wmttSer d/ tott is a measure of the relative ciranmfereTiccs, 
and therefore of the relative radii of the wheels. If the wheel A 
(Fig. 88) has 30 teeth, and i? haa 40, and iigaiu if has 15, and 
D 45, then for every revolution of B, A revolves twice, and for 
every i-evolntion of J), revolves three times. Therefore, six 
tarns of the crank axe necessary to give one revolution to the 
axle E. 

By cutting the teeth of wheels on a conical instead of a cylin- 
drical snrfaco, the- axles may be placed at any angle with eacli 
other, as represented in Pig. 80. 

Whether axles are parallel or not, iands in- Fia. GO. 

Btead of teeth may be used for transmitUng 
rotary motion. But as bands are liable to slip 
more or less, they cannot be employed in cases 
requiring exact relations of Telocity. 

118. Questions en the Wheel ancl 
Axle. — 

1. A poMcr of 12 lbs. balances a wcip^ht of 
100 lbs. hy a wheel and axle ; the radius of the 
asle is G inches ; what is the diameter of the wheel ? 

Ans. 8 ft. 4 in. 

2. ir = 500 lbs. ; J? = 4 ft. ; r = 8 in. ; the weight hangs by a 
rope 1 inch thict, but the power acts at the circumference of tho 
wheel without a rope ; what power wUl sustain the weight ? 

Ans. 88.54 lbs. 

3. ^ = 1 ft. ; r = 2 in. ; the well-stone weighs 256 ]1>3. ; the 
bucket, empty, weighs 18 lbs. ; the bucket, fdlcd, weighs 05 lbs. ; 
what force must a pereon apply to the bucket-rope, in oach case, 
for equilibrium ? Ans. let, down, Sij lbs. ; 2(1, up, 22^ lbs. 

4. In Fig. 88, A and C have each 15 teeth, B and D each 40 
teeth; the radius of the asle Eisi inches; the rope on it 1 inch 
in diameter ; and the radius of the crank F Qhl8 inches ; what 
ia the ratio of power to weight in equilibrium? Ans. 1 :28^. 
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III. The Tullet. 



W^' 



119. The Pulley Described — The pulley consists of one or 
more wheels or rollers, with a rope passing over the edge in whicli 
a gi'oove is sunk to keep the rope in placu. The axis of the roller 
is in a Mock, which is sometimes i5xod, and sometimes rises and 
fiilla witli the weight ; and the pulley ia accoj-dingly cM-d a fi-ral 
pulhy or a movable pulley. The principle which espliuna the 
i-elation of i^ower and weight in every form of pulley, is this: 

Whatever strain or temion is applied to om end of a cord, is 
transmuted throvgh its tahole Imgth, if tl does not h-anch, howsver 
much its direction is changed. 

In tlie pnlley, the snstaining portions of the rope are assumed 
to he parallel to each other. 

130. Th9 FiZ3d Pulley.— In Fig. SO. Fig, 91. 

the fixed pnlley, A (Fig. 90), the ■ 
force P produces a tension in the 
string, which is transmitted through 
its whole length, and which can be 
balanced only when 11' equals P. 
Hence, in the fixed puUt-y, the vrffij 
power and weight are equal. This 
machine ia useful for changing the 
direction in which the force is ap- 
plied to the weight; and if the 
power only acts in the plane of the 

groove of the wheel, it is immaterial what is its direction, horizon- 
tal, vertical, or ohlique. 

121. The MavablQ Pulley.— In Fig, 01, the ton- Tig 93 
sion produced by F. is tmnsmitted from A down to 
the wheel E, and thence up to D ; therefore W is sus- 
tained by two portions of the rope, each of which 
exerts a force equal to P. 

.: }r=2P; orP:lF:: 1: 2. 

The same reasoning applies, where the rope pTSsos 
between the upper and lower blocks any niimhtr <f 
times, as in Pig. 93. The force causes a tenuion in thi. 
rope, which is transmitted to every portion of it If n 
is the liumber of portions which sustain the lo\^t.r 
block, then W is upheld by » P ; and if there is cqui 
librjum, P : W:: \ : n. In the figure, the weight 
equals six times the power. The law of equihbnum 
therefore, for the movable pulley with one rope is thi« 
The power is to the weight as one to the nuinlti of 
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tlw sustaining portions of the rope; or, as one to twice the nmnier 
of movable pulleys. 

122. The Compound Pulley.— Wherever a system of pul- 
Icya lias separate ropes, the machine is to be regarded as com- 
pound, and its efficiency 

is calenlated according- ^^®- ^^ ^'*'- ^ 

ly. Figures 93 and 91 '^^- 
are examples. In Kg. '" 
93, call the weight sus- 
tained by F, X, and that 
sustained by D, y. Then 
(Art. 121), 

P: x-.-.l-.-i; 

x: 1/:: 1 : 2; 

y:W::l:2. 
.•.P-.W-.-.W^':: 1:8. 
And if n is the nnmber 
of roi>cs, 

P : TF : : 1 : 3". 

In Fig. 94, the tension P is transmitted 
over A directly to the weight at G ; the wheel 
A is !oad?ii, therefore, with % P md i tin ion 
of 3 P comes upon the second lope ^hich ib 
Iransraitted over B to the utight at / In 
like manner, a tension of 4Pia tranamitt ' 
over Cto E. The sum of all these ban^ n J 

plied to the weight, it mast thercfoie be l |u 1 
to that sum in case of equilibiium Th i loi P II 11 + 
2 -I- 4 + &c. Isow the sum of thii giom tuetil sen s to ?i toima 
is 2° — 1 ; .-. P : 17: : 1 2" ~ 1 This oombmacion is th itfun, i 
little less eflicient than the preceding. 

Since the several ropes liave different tensions, the weight can- 
not be balanced upon them, unless those of greatest tension ai-o 
nearest the line of direction of the body. For example, if the rope 
/'is directed towai-d the centre of gravity of the weight, the rope 
G should be attached four times as far from it as the rope E, in 
order to prevent the weight from tipping. 

The pulley owes its efficiency as a machine to the iact, that the 
tension produced by the power is applied repeatedly to the weight 
The only use of the wheels is to diminish friction. Were it not 
fjr friction, the rope might pass round fixed pins in the blocks, 
and the ratio of power to weight would still be in every case the 
same as has been shown. 
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lY. The Bope Machijoj. 

123. Deftaition and Law cf this Machine.— 

Tlie rope machine is one in which the power and weight are in 
equilihriiim ly the tension of one or more ropes. 

According to this defiDition tlie pulley is included. Ifc is that 
particular form of the rope machine in nhich the sustaining parts 
of the ropes are parallel; and it is treated us a sepaiate michsne, 
because its theory is very simple, and bec^use it is used fii moia 
extensively than any other forms 

If the two portions of rope j 
■which sustain the weight are m "' 
eiined, as in Fig. 95, then W \^ 
no longer equal to the sum oi 
their tensions, as it is in the pul- 
ley, but is always less than that, 
according to the following law : 

The power is to the weight as 
radius is to tmce the cosine of 
half the angle letween the parts 
of the rope. 

Put A E B = 'i a; then 
FED = a, and since sin BEW 
= sin BED — sin a, we shall have (Art, Gl) P ; IF: ■ sin a : sin 
2 a ; but sin a : sin 2 a : ; ii; : 2 cos K ; :. P : W :: E:%cma. 

If in Fig. 96, the end of the cord, instead of being attached to 

the beam, is carried oyer another fixed pulley, and a weight equal 

to P is hung upon it, the equilibrium will be preserved, because all 

parts of the rope have a tension equal to P; therefore, as before, 

P : W:: R -.'i. coi a; ox ■i. P : W :: R : am a :: B : D. 

124. Chan*e in the Ratio of Power and Weight— If 
P is given, all the possible values of W are included between 
}F=0,and ir=3P. 

When the rope is straight from A to B, so that C D = 0, then, 
by the above proportion, W= 0. As IK is increased from zero, 
the point C descends; and 
when D C=i EC, then, by 
the proportion. If = P. In 
that case D G B = 60°, and 
the angles, A G B, A G W, 
and ^ C F", are equal (each 
being 120'), as they should be, 
because each of the equal 
forces, P, P, and W, is as the 
sine of the angle between the directions of the other two. 





:yGoogle 



80 MECHANICS. 

But when TT' has increased to 2 P, it descends to an iiifluite 
distance; for then, by the pi-oporfcion, D = B C, that is, the side 
of a right-angled triangle is equal to the b jpotheuuse. Thus, the 
extreme values of W are and 2 P. 

It appears from the foregoing, that a perfectly flc-xilh rope 
having wdgM cannot be drawn into a straight horizontal line, by 
any force however great ; for cannot coincide wjth D, except 
when W = 0. 



the v. 



gilt is 




12S. The Branching Rope.— When C, wbei 
suspended, is affixed point of the rope, 
we have a brandling rope, and the ^ 

principle of transmitted tension does 
not apply beyond the point of division. .a. ,.--'" 

Let f, P' and W (Fig. 97), be 
given, and € a fixed point of the rope. 
Produce IF C, and let A E, drawn 
parallel to C B, intersect it in S. The f\ 
sides oi A C E are proportional to the - 
given forces; therefore its angles can 
be found, and the inchnations ot A G 
and ^ C to the vertical C W are known. 

123. Tlie Funionlai" Polygan.— If several weights are at- 
tached at fixed points along the cord A G B (Fig. 98), the combi- 
nation is called the funicular polygon ; 
and the fact that there are opposite _ Pic. 08. 

and equal tensions in any portion of 
the cord will enable us to transfer all 
the forces to one point. 

Let the tension of G D = T; and 
that oi D E = 2". C is kept at rest 
by P, T, and W; hence T is equal to 
the resultant of P and W. But the same T (in the opposite di- 
rection) equals and balances tiie resultant of I" and IF'. Siippose, 
now, G Dto vanish, by removing G %o D; draw A D parallel to 
A C; let P act in the line D A, and W in the line D ?! '. D wilt 
now be in cquilihiium, as before, because there has merely been made 
a substitution of P and W in their original directions for T, their 
equivalent Now consider I? to be acted on hy three forces, 1', P, 
and W + Tf ; -■. T = the resultant of P and W ■\- 'W ', and the 
two latter can be transferred, as before, te B,AE being parallel to 
A C or A D. E is therefore kept at rest by the three forces, P, P', 
and W + W + W "■ We can now use the ti-iangle of forces, as in 
the preceding article, to determine the directions of B E and A E, 
or its pai-allel, A G, and hence, of the pa\-ts, C D and B B. 
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SI 



Fig, eo. 




If tlie weights are all equal, and ihcir number = n, the three 
forces at is' are P, F', and n W. 

An example of this kind occurs in 
the suspension bridge, wboee weight ia 
distributed at equal distances along 
the supporting chains. And an ex- 
treme case is tliat of a heavy rape or 
chain suspended loosely over pulleys, 
Bs in Fig. 99. Equal weights are sus- 
pended atan infinite number of points, 
and therefore the funiciilar polygon becomes a cnri'e, and is called 
the catenary curve. Its directions at the extremities, A and B, 
and the law of the cuitc, may be determined by the principles 
given above. 

V. TnE Inclined Plane. 

127. Halation of Power, Weight, and Pressnra on the 
Plane. — The mechanical efficiency of the inclined jdaue is e?;- 
plaJued on the principle of oblique action ; that is, it enables ns to 
apply the power to balance or overcome only one compomnt of t!ie 
weight, instead of the whole. Let the weight of the body G, lying 
on the inclined plane A G (Fig. 100), be represented by IF; and 
resolve it into F parallel, and -V perpendienhir to the plane. iV 
represents the perpendicular pressure, and is equal to the reaction 
of the plane; F is the force by which the body tends to move 
down the plane. 

Let a = the angle C, the inclination of the plane ; tliercfore 
IF 6 A' = a. Then F ^ W . sin a ; and A" = IF . cos a. 




Now enppose a force P is applied at G (Fig. 101), which keeps 
the body at rest Then the resultant of IF and P must be A*', 
which is resisted by the plfinc ; therefore, 

P : TF: : sin ff A^P, or sin a-.&inP G N. 

When the power acts parallel to the plane, P G N = 00°, and 
ure have P : JF: -. sin b : sin 90° : : ^ £ : ^ C. Hence, when the 
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power acts in a lino parallel to the inelmcd plane, wliieb ia the 
most common direction, 

The power is to the weiyM as the height to the length of the in- 
clined plane. 

When the power acts in a line parallel to the base of the in- 
clined plane, P G I^ = 90° — a, and we bava P iW :■■ sin a: 
cos a :: AB : £ 0. Hence, when the power acts in 3, line parallel 
to the base of the inclined plane, 

Tlie power is to the iceight as the height is to the base of the in^ 
dined plane. 

123. Pcwar most ESicient when Acting Fsr?.liel to 
the Plans. — From the proportion 

P:W::m\a: sin P G N, wc derive 
P.BinP ffjy 

Now as P and sin a are given, TI' varies as sin P G N, which 
is the greatest possible when P G N ~ 00° ; that is, when the 
power acts in 'a lino parallel to the plane. 

Whether the angle P G N diminishes or increases from 90°, 
its sine diminishes, and becomes zero, when P G N= 0', or 180°. 
Therefore W = 0, or no weight can be sustained, when the power 
acts in the lino Q If, perpendicular to the plane, either toward the 
plane or from it 

129. Sspre^siou for Perpsndicular Pressure. — From 
the triangle P G iVwe obtain 

iV: TF: : sin G F JV"; sin P G ]>f, 
ovN: IF: ; sin P (? W: sin P G N; 

si.-a.PGN 
If the power acts in a lino parallel to the inclined plane, 
■nJM" +_a) ^ 
sin 90^ ' ■" 
W cos a. 

If the power acts in a lino parallel to the base of tlie inclined 

plane, P GW= 90°, P G N = m° ~ a, and N = W -— ^ 
' ' ' ' cos a 

IF sec a. 

If the power acts in a line perpciidienlar to the inclined plane, 

P G IF=«, P(?A'^0°,andiV^=TF-J-- = cc. 

130. EquiUbrimn bstwsen Two Inclined Pianos.— If a 

body rests, as represented i:i Fig. 102, between two inclined planes. 
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tlie three forces wliich retiin it ire its weight, and tlio resistances 

of the 1 lanes D»aw JI i ml i i 

perpendicular to the planes tin ugh ^^'^^ ^'^^■ 

the pomtb of contact and G- r ■vcrti 

eiUy thiol gh thi, tentic of gravity of 

the body S nee the bodj is in equi 

hbimni these thiee lines 'will jass 

thiough the same point (Art 00 3) 

Let thai- po nt be ./ and draw Q P 

paiaSlel to i J", and M A parallel to 

the horizon. GPFis, similar to A' M. 

Therefore (since Pressure on j1 C : Pr. 

onDC'::PG:FP), 




Pressure on ^ C : Pr. on O C : 



KC:MO, 
sin M : sin A'", 
sin Z> 6' A" : 



rre 103 



lACB. 

That is, when a body rests between two planes, it exerts pressures 
on them which are inversely as the sines of their inclinations to 
the horizon. 

If, therefore, one of the planes is horizontal, none of the 
pressure can be exerted on any other plane. It is friction alone 
which renders it possible for a body on a horizontal surface to 
lean against a vertical wall. 

131. Bodies Balanced on Two Planer by a Cord 
passing over the Ridge, — Let P and II baiani.c tach othei on 
the planes .A D and A (Fig 103), 
which have the common height A B, 
by means of a cord passing ovci the 
tixed pniley A. The tension of the 
curd is the common power which piL 
vents each body from deseendin;^ and 
as the cord is parallel to each plane, 
we have (calling the tension t), 

t:P •.-.AB-.AD; 
and t:W::AB:AC; 
.: P:IV::AD:AC; 
that is, the weights, in case of equihbrium, are directly as the 
lengths of the planes. 

132. Questions on tlie Inclined Flsne. — 

1. If a horse is able to raise a weight of 440 lbs. perpendicu- 
larly, what weight can he raise on a railway having a slope of five 
degrees ? Ans. 5048.5 lbs, 
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2. The grade of a railroad is SO feet in , a mile ; wliat power 
must be exerted to sustain any given freight upon it? 

A,ns. 1 lb. for every ac4 lbs. 

3. What force is requisite to hold a body on an inclined plane, 
by pressing perpendicularly against the plane ? 

Ans- An infinite force. 

4. A certain power was able to sustain 500 t6ns on a plane of 
7.1° ; but on another plane, it could sustain only 400 tons ; what 
was the inclination of the latter ? Ans. 9° 33' 25". 

5. Equilibrinm on an inclined plane is produced when the 
power, weight, and perpeudicular pressure are, respectively, 9, 13, 
und 6 lbs.; what is the inclination of the plane, and wlmt angle 
does the power make with the plane ? 

Aas. a = 37° 21' 36". Inclination of power to plane 
= 28° id' 54". 

6. A power of 10 Iba., actmg parallel to the plane, supports a 
certain weight ; but it requires a power of 13 lbs. parallel to the 
base to support it. What is the weight of the body, and what is 
the inclination of the plane ? 

Ans. W = 18.09 lbs. a = 33° 33' 35" 

7. To support a weight of 500 lbs. upon an inclined plane of 
50" inclination to the horizon, a force is appHed whose direction 
makes an angle of 75° with the horizon. What is the magnitude 
of tliis force, and the pressure of the weight against the plane ? 

Ans. P ^ i22.e lbs. JV- 143.8 lbs. 

VI. The Screw, 

133. Reducible to the lacUned Plane.— The screw is a 
cylinder having a spiral ridge or thread around it, which cuts at a 
constant oblique angle all the lines of the surface parallel to the 
axis of the cylinder. A hollow cylinder, called a tint, having a 
similar spiral within it, is iitted to move freely upon the thread of 
the solid cylinder. In Fig. 104, let the base A B of the inclined 
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plane A G 'he equal to twice the circumference of the cylinfler 
A' E; then let the plane be wrapped about the cylinder, bringing 
the pointe A, F, and B, to the point A'; tben will A G describe 
two revolutions of tlae thread from A' to G'. Therefore the me- 
chanicftl relatione of the screw ore the same as of the inclined 
plane. 

If a weight" be laid on the thread of the screw, and a force be 
applied to it horizontelij in the direction of a tangent to the 
cylinder, the cage is exactly analogous to that of a body moved on 
an inclined plane by a force parallel to the base. Let r be the 
radius of the cylinder, then 3 ?r r is the circumference ; also let d 
ha the distance between tlie threads, {that is, from any point of 
one revolution to the corresponding point of the next,) measured 
parallel to the axis of the cylinder ; then 2 tt r ia the base of an 
inclined plane, and d iis height. Therefore (Art. 137), 
P : W::d:%'nr; or, 

Tlie potoer is to the weight as the distance between the threads 
measured paralM to the axis, is to the circumference of the screto. 

If instead of moving the weight on tlie thread of the screw, the 
force is employed to turn the screw itself, while the weight is free 
to move in a vertical direction, the law ia the same. Thus, 
whether the screv/ A' E is allowed to nse and iail in the fixed nut 
Q H, or whether the nut rises and falls on the thread of the sci'cw, 
while the latter is revolved, without moving longitudinally, in 
each case, P: W::d: 2 n r, 

134. The Screw and Lever Combined. — The screw is so 
generally combined with the lever in practical mechanics, that it 
is important to present the law of the 
corajwund machine. Let A F (Fig, 105) yr-^. in", 

be the section of a screw, and suppose .--■'"' \ 

B C, a lever of the second order, to be / \ 

applied to tura it The fulcrum is at C, , ,-«e»ii. \ 

the power acts at P, and the effect pro- [g j'fi.ulJw iff 

duced by the lever is at A, the surface of \ ^■®i!f ,' 

the cylinder. Call that effect x, and let \ / 

d = the distance between the threads ; ""-^ / 

then, ^- " 

P: x::A 0:BG, 
and a:: TFr: <?: 2 tt^ C; 
compounding and reducing, we have 

P:W:: (? : 3 TT P C; that is, 

Ths power is to the weight as the distance between the threads, 
measured jiaraUel to the tms, to the circumference described by the 
poiter 
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Tlie kiv as tlius stated is applicaMe to tlic screw when iisod 
wiUi the level' or without it. 

135. The Endless Screw.— The screw is so callotl, whoii its 
thread moves buiween the teeth of a wheel, thus causing it to 
revolve. It ia much used for diminish- 
ing very greatly the velocity of the 
wciglit. 

Let P Q (Fig. 106) be the i-adius of 
the CKint to which tlie power is ap- 
plied; d, the distance between the 
threads; H, the radius of the wheel; 
r, the radiiis of the axle ; and call the 
force exerted hy the thrtad upon the 
teeth, X. Tlien, 



F: x\: (I .^z 



X FQ, 

X Ex PQ. 




r + ( 



If, for example, p Q — SG inches, d = 1 in., li = IS in.; 
then W moves witli 1696 times less voloeity than P. 



136. The Riglit and L=ft Hand Screw.— The common 
form of screw is called tlie rigid-liand screw, and may be described 
thus ; if the thread in its progress along the length of the cylinder, 
passes from the left over to the right, it is called a right-hand screw. 
Hence, a person in diiving a screw forward turns it from his left 
over (not under) to his light, and in drawing it back he reverses 
tliia movement. Fig. 104 represents a right-hand screw. 

The left-hand screw ia one whose thread is coiled in the oppo- 
site direction, — that is, it advaDcea hy passing from right over to 
left. This kind is used only when there is special reason for it 
For example, the screws which arc cut upon the left-hand ends of 
carriage axles are left-hand screws ; otherwise there would be 
danger that the friction of the hub aginnst the nut might turn 
the nut off from the axle. Also, when two pipes for conveying 
gas or steam are to be driiivn together by a nut, one must have a 
right-hand, and the other a left-hand screw. 

137. Questions on the Screw — 

1. The distance between the threads of a screw is ono inch, the 
bar is two feet long from the axis, and the power is 30 lbs. ; what 
ia the weight or pressure ? Ans. 4593.89 lbs. 

2. The bar is three feet long, reckoned from the axis, P = 
60 lbs., W = 3340 lbs. ; what is the distance between the threads ? 

Ans. 6,058 inches. 
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3. A coinpoimd machine consists of a cranlr, an endless screw, 
a wlicel and axle, a palley, aiid an iaclined plane. The radius of 
the crank is 18 inches ; Uie distance between the threads of the 
screw, one inch ; tlie radius of the wheel on which the screw acts, 
two feet ; the radius of the axle, 6 inches ; the pulley block hf^ two 
movable pulleys with one rope ; and the inclination of the plane to 
the horizon is 30°. What weight on the plane will be balanced by 
a power of 100 lbs. applied to the crank ? Am. 361911.108 lbs. 

VII. The Wedge. 

138, Defmitlou of the "WeAge, and the Mcde of 
Using. — The usual form of the wedge is a tnangular pnsm, two 
of whose sides meet at a very acute angle. This machine is nsed 
to raise a weight by being driven as an inclined plane underneath 
it, or to separate the parts of a body by being driven between 
them. When it is used by itself, and does not form part of a 
compound machine, force is usually applied by a blow, which pro- 
duces an intense pressure for a sliort time, sufficient to overcome 
a great resistance. 

139. Law of Equilibrium. — Whatever be the direction of 
the blow or force, we may suppose it to be resolved into two com- 
ponents, one perpendicular to the back of the wedge, and the other 
parallel to it. The latter produces no eifeet. The same is trae of 
the resistances; we need to consider only those components of them 
which ai-e peipendicular to the sides of the wedge. 

Let if Jf {Fig. 107) represent a section of Fro. 107. 

the wedge perpendicular to its faces ; then P A, 
Q A, and 11 A, drawn pei-pendieuLxr to the faces 
severally, show the directions of the forces which 
hold the wedge in eqiiilibrinm. Taking ^d .B to 
represent the power, draw B parallel to R A, 
and we have the triangle A B G, whose sides 
represent these forces. But A B G is similar to 
M N 0,m their sides are respectively perpen- 
dicular to each other. Hence, calhng the forces 
P, Q, and R, respectively, 

P:Q::M:^:M0', 
mdiP-.R-.-.MN-.NO; 
that is, there is equilibrium in a wedge, when 

T!ie power is to the resistances as ike back of 
the wedge to the sides on which the resistances respectively ad. 

If the triangle is isosceles, the two resistances are equal, as the 
proportions show ; and P is to either resistance, R, as the breadth 
of the back to the length of the side. 
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If the resisting surfaces touch the sides of the iredge only in 
one point each, then Q A and R A, drawn through the points of 
contact, must meet ^4 P in the same point (Art. 60, 2) ; otlienvise 
the wedge will roU, till one face rests against the resisting body 
in two or more points. 

The efficiency of the ivedge is usually veiy much increased by 
combining its own action with that of the lever, since the point 
where it acts generally lies at a distance frcftn the point where tlie 
effect is to be produced. Thus, in splitting a log of wood, the re- 
eistance to he overcome is the cohesion of the fibers ; and this foree 
is exerted at a distance from the wedge, while tlie fulcrum is a 
little further forward in the solid wood. 

VIII. The Knee-Joinx. 

140. Description and Law of Equilibrium. — The knee- 
joint consists of two bars, usually equal, hinged together at one 
end, while the others are at liberty to separate in a straight hne. 
The power is applied at the binge, tending to thrust the bars into 
a straight line ; the weight is the force which opposes the separa- 
tion. 

FrG.10& 




3 that ^ J? and A D (Fig. 108) are equal 1 
together at A ; and that the bar A Bis free only to revolve about 
the axis B, "while the end D of the other bar can move parallel to 
the base E F. HP urges A toward the base, it tends to move D 
further from the flsed point B. The force P', which opposes that 
motion, is represented in the figure by the weight W. The law of 
equilibrium is, 

The power is to the weight as twice radius to the tangent of half 
iJte angle between the Mrs. 

The point A is held in equilibrium by three forces, the power 
P, the resistance along B A, and that along DA. As A B D is 
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i, and A (7 is pcrpendiCTilar ia B D, the angles P A B and 
PAD are equal; therefore the resistancea BA and D yi are 
equal (Art. 61). Let a = the angle B A ^ ^ B A J); aj\i-\ei 
li — the resistance in the line Z).^. Then, since sin PA B=&ma, 
we have 

P : .K ': : sin 2 o : sin a. 

But W is equal only io that component of E i^hich i 
B D. Therefore, resolving R, we have (Art. 49), 
R -.W:: rad : cos, A D C ; oy 
: : rad : sin a. 
Compounding, we find, 

P : W '. : rad . sin 2 a : sin' a. 

_ ^ . „ 2 sin o . cos a ,, „ 

J3ut sm 3 a = ^ : therefore 

rad 

D.T^..'^rad.sin«.cosa. . , . 



: : 2 rad : —— — = tan a • 

cos a 

or the power is to the weight as twice radius to the tangent of the 

half angle between the bars. 

Since ^J C: Ci> : : rad : tan a, 

.•.P\W::%A 0: CD; or. 

The power is to the weight as twice the height of the joint to 

ha?/ the distance heltneen the ends of the bars. 

141. Ratio of Power and TWeight Variable. — It is obvi- 
ous tliat the ratio between power and weight is different for differ- 
ent positions of the bars. As A is raised liigher, BAB diminisheB ; 
and when S A B = 0, then o = 0, and tan a = 0; 

.-. P : TT : : 2 i-ad : 0, 
and the power has no efficiency. But as A approaches the base 
E F,a approaches 90° ; therefore tan a increases, and the power is 
more eflicient. When A, B, audi) are in a straight line, a = 90", 
and tan a is infinite, /. P : If i : 3 rad : cc . Hence, the efficiency 
of the power is infinitely great. The indefinite increase of effi- 
ciency in the power, which occurs during a single movement, ren- 
ders this machine one of the most useful for many purposes, as 
printing and coining. 

Questions on the knee-joint. — 

1. A power of 50 lbs. is exerted on the joint A (Pig. 108) ; 
compare the weight which will balance it, when B A D is 00°, 
and when it is 160°. Am. 25 lbs, and 141.78 lbs. 

3. "When the angle between the bars is 110°, a certain power 
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just overcomes a weight of 65 lbs,; ivliat must Le the angle, in 
order that the weiglit overcome may be five times as great ? 

Am. 104" 3' 22". 

Principle of Vietital Velocities. 

142. The Point of Application Moving ia the Line of 

the Force. —In examining tiie simple machines, we have in each 
instance simply inquired for tlie relative magnitude of the forces, 
called the power and the weight, when in equilibrium. There is 
another important partiealar to be noticed, namely, the relative 
velocity of the power and weight, when they begin to move. It 
can be shown, in every case, that the velocities, when rechoned in 
the direction in wJiick the forces act, are inversely as the forces. 

Some examples are first given in which the point of application 
moves in the line in which the force acts. 

In the straight lever {Fig- 109), wliieli is in cqnilibrinra by ilie 
weights P and W, suppose a 

slight motion to exist; then Frc. 103. 

the velocity of each mil be 



s the arc described in the 
same time ; bnt the arcs ai'o 
fdmilar, since they subtend 
equal angles. Therefore, if F" — velocity of P, and v = velocity 
of TT, 

y:v::AP:BW::A G:B G; 
bnt it has been shown (Art 106) that 

P:W::BO:A 0; 
.: V:v :: W : P; 
that is, the velocity of the power is to the velocity of the weight 
as the weight to the power. Hence, P x its velocity = W x its 
Telocity ; that is, the momentnm of the power equals the mo- 
mentum of the weight. 

In the wheel and axle, let E and r be the radii, and suppose the 
machine to be revolved; tlien while P descends a distance equal 
to the circumference of the wheel = 2 n R, the weight ascends a 
distance equal to the circumference of the axle — 2 tt j-. There- 
fore, 

V:v::2n E:2-tTr::B:r; 
but (Art. 115), P:W:: r : R; 

.: V: V :: W:F; 
or, the Tclocitiea are inversely as the weights ; and P x F = TT x if, 
the momentum of the power equals the momentum of the weight. 
In the Jixed pulley the velocities are obviously equal ; and wc 
have before seen tliat the power and weight are equal ; therefore 
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the proportion holds true, V:v.: IF; P; and the momenta are 
equal. 

Iq the movahle pullet/, if n is the nnmher of sustaining parts 
of tJie cord, when W rises any distance = x, each portion of cord is 
shortened hy the distance x, and all these n portions pass over to 
P, which therefore descends a distance = n x. 
Hence, Y:v::nx:x::n:l; 

bnt(Art, 131), P : W: : 1 : n; 

.: V:v::]V:P; 
as in all the preceding cases. 

In the screw (Fig. 104), while the power describes the circum- 
ference = 3 TT X PC, the weight moves only tlie distance = d', 
therefore, 

r:v::2 7^ X B C:d; 
bat (Art. 133), P : W: : d : 9. Tt x B 0; 

.: V:v:: W:P; 
therefore tlie momentum of the power equals the momentum of 
the weight, as before. 

143. The Point of Application Moving in a DifTerent 
Line from that in which the Force Acts.— The cases thins 
far noticed ai-e the most obvious ones, becanso the points of appU- 
cation of power and weight actually move in the directions in 
which their force is exerted. But the principle we are considering 
is that of virtual velocities. If the force is exerted in one line, and 
the motion of the point of application is in a different line, then 
ita virtital velocity is merely that component which lies in the 
former line. The case of the inclined, plane will illustrate the 
priueiplft. 

First, let P (Fig. 110) act parallel to the plane, and suppose 
the body to bo moved either up or down the plane a distance equal 
to G d. That is the velocity 

of Empower. But in thedi- I^'to. liO. 

reotion of the weight (force of 
gravity), the liody moves only 
the distance h d. Tlierefore 
the velocity of the power is to 
the velocity of the weight 
(each being reckoned in the 
line of its action) as G d to 
Id. 

By similar triangles, G d 
< 
Bnt (Art. 137), 
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Again, let tlie power act in any obliqno direction, as G e. If 
the body moves over G d, draw d e perpendicular to (? e ; then Q e 
is the distance passed over in the direction of the iTOwer, and id in 
tlie direction of the weight. G d being talccn as radius, G eia 
coadGe= cos(P G N- 90=) - sin P G^ JV; and S (7 = ein a. 
Therefore, the virtual velocity of the poiver is to the virtual velo- 
city of the weight as sin P G iV to Bin a ; 

or r ■ V : ■ sin P (? jV : sin a. 
But (Art. 128), P : TF: ; sin o : sin P tf JV; 
.:¥: V :: IF; P. 
We learn from the foregoing principle, that a machine does not 
enable us to obtain any greater effect than the power could pro- 
daco without its aid, but only to produce an effect in a diff&i-ent 
form. A given power, for instance, may move a much greater 
quantity of matter by the aid of a machine, but it will move it as 
miich more slowly. On tlie other hand, a power, by means of a 
machine, may produce a far greater velocity than would be possible 
without such aid ; but the quantity moved, or the intensity of the 
force exerted, would be proportionally leas. By machines, there- 
fore, we do not increase the effects of a power, but only modify 
them. 

FRicftON IN MACniNnilT. 

144. The Power and Weight not the only Forces in 

a Machine. — For each machine a certain proportion has been 
given, which ensures equilibrium. And it is implied that if either 
the power or the weight be altered, the equihbrium will he de- 
stroyed. Bui practically this is not trae ; the power or weight 
may be considerably changed, or possibly one of them may be en- 
tirely removed, and the machine still remain at rest. The obstruc- 
tion which prevents motion in such cases, and which always exists 
in a greater or less degree, arises from friction; and friction ia 
caused by roughness in the Brrrfaees which rub against each other. 
The minute elevations of one surface fall in between those of the 
other, and directly interfere with the motion of either, while they 
remain in contact. Polishing diminishes the friction, but can 
never remove it, for it never j-emovea all roughness. 

As friction always tends to prevent motion, and never to pro- 
duce it, it ia called s, passive force. It assists the power, when the 
weight is to be kept at rest, but oppc^es it, when the weight is (o 
be moved. There are other passive forces to be considered in the 
study of science, but no other has so much influence in tlie opera- 
tions of machinery as friction. 

145. Modes of Experimenting. — When one surface slides 
on another, the friction wliich exists is called the sliding friction ; 
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but when a wheel rolls along a Biirface, the friction is called rolling 
friction. The sliding friction occura much more in macUinea 
than the rolling friction. 

Experiments for ascertaining tlie laws of friction may be per- 
formed by placing on a table a block of three different dimensions, 
and measuring its friction un- 
der diffei-ent circumstances by 
weights acting on the block bv 
means of a cord and pulley, t^ 
represented in Fig. 111. Thi 
was the raetliod by which Con 
lomb lirst ascertained the laws 
of friction. 

Another mode is to place the block on in mclmi d pi im., whose 
angle can be varied, and then find the relative fnction m different 
cases, by the largest inclination at which it will prevent the block 
from sliding. For, when Tf on the 
inclined plane A B (Fig 112) is on 
the point of sliding down fnction 
is the power, which acting paiallel 
to the plane, is in equilibrium with 
the weigh i In such cases, the 
power is to the weight "is the height 
to the length. 

The coe^dent of fnction is the fraction -nhosc nnmci itor is 
the force required to o'veicome the fnction, and its dmominatoi 
the weight of the body. 

146, Laws of Sliding Frictioii. — The laws of sliding fric- 
tion on which experimenters are generally agreed ai^o the fol- 
lowing : 

1. Friction varies an the pressure. — If weights are put upon 
the block, it is found that a double weight requires a double force 
to move it, a triple weight a triple force, &e. 

3. If is the same, however gre<d or small the surface on which the 
lody rests. — If the block be drawn, first on its broadest side, then on 
the others in succe^ion, the force required to overcome friction is 
found in each case to be the same. Extremes of size are, how- 
ever, to be excepted. If the loaded block were to rest on three 
or four very small surfiiees, the obstruction might bo greatly 
increased by the indentations thus occasioned in the surface 
beneath them. 

3. Friction is a uniformly retarding force.— Th&i is, it destroys 
equal amounts of motion in equal times, whatever may ho the 
velocity, like gravity on an ascending body. 
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4. eviction at the first moment of contact is less than after con- 
tact kas contimwd for a time. — And the time during ivhieh fric- 
tion increasea, varies in different materials. The friction of wood 
OB wood reiicliGB its maximnm in three or four minutes ; of metal 
on metal, in a second or two ; of metal on wood, it inereaises for 
seTeral days. 

5. Friction is less between substances of different Mncls than 
hetween thoae of the same kind. — Hence, in watches, steel pivots 
are made to revolve in sockets of brass or of jewels, rather than 
of steel. 

147. FrJcti"n of Axes. — In machinery, the most common 
case of friction is that of an axis revolving in a hollow cj'linder, or 
the reverse, a liollow cyUnder revolving on an axis. These are 
cases of sliding friction, in which the power that overcomes the 
friction, usually acts at the circumference of a wheel, and there- 
fore at a mechanical advantage. Thus, the friction on an axis, 
whose coefficient is as high as 20 per cent., requires a power of 
only two per cent, to overcome it, provided the power ads at the 
eircumfei-ence of a wheel whose diameter is ten times that of 
the axis. 

148. Rolling Friction. — This foWn of friction is very much 
less tliiin the sliding, since the projecting points of the surfaces do 
not directly encounter each other, but those of the i-olling wheel 
are lifted up from among those of the other surface, as the wheel 
advances. 

By the nso of the apparatus described in Art. 145, the laws of 
the rolling are found to be the same as those of tlic sliding fric- 
tion. But on account of the manner in which this form of fric- 
tion is overcome, there is this additional law : 

The force required to roU the wheel varies inversely as the 



For the poiver, acting at the centre of the wheel to turn it on 
its lowest point as a momentary fulcrum, has the advantage of 
greater acting distance as the diameter increases. 

It is the rolling friction which gives value to friction wheels, 
as they are called. "When it is desirable that a wheel should 
revolve with the least possible friction, each end of its axis is made 
to rest in the angle between two other wheels placed side by side, 
as shown in Fig. 113, The wheel is obstructed only by the rolling 
friction on the surfaces of tiie four wheels, and the retarding effect 
of the sliding friction at the pivots of the latter is greatly reduced 
on the principle of the wheel and axle. 

The sliding friction is diminished by lubricating the surface, 
the rolling friction is not 
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MOTION ON INCLINED PLANES 
Fig. 113. 




149. Advantages of Friction. — Friction in macliinery ia 
generally regarded aa an evil, since moro power is on this account 
reqnired to do the work for wiiich the machine is made. But it is 
easy to see, that in general friction is of incalculable value, or 
rather, that nothing could he accomphshed witliout it. Objects 
stand firmly in their places by friction ; and the heavier they are, 
the more firmly they stand, because friction increases with the 
pressure. All fastening by nails, bolts, and screws, ia due to fric- 
tion. The fibers of cotton, wool or silk, when intertwined with 
each other, form strong threads or cords, only because of the power 
of friction. Without friction, it would be impossible to walk or 
even to stand, or to bold anything by grasping it with the hand. 



CHAPTER VII. 

MOTION ON INCLINED PLANES,— THE PENDULUM. 

150. The Force which Moves a Body Down an In- 
clined Plane.— It was shown (Art, 137) that when the power 
acts in a line parallel to the inclined plane, P : W: : A B : A G. 
If, therefore, P ceases to act, the body descends the plane only 
with a force equal to P. 

Let g (the velocity acquired in a second in falling freely) — the 
force of gravity, / = the force acting down the plane, li = the 
height, I = the length ; then by substitution, 
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f:g\:h:l, and 

Thei-efore, tbo force which moves a body down on inclined 
plane is equal to th»t fraction of gravity which is expressed by the 
height divided by the length. This is evidently a constant force 
on any given plane, and produces uniformly accelerated motion. 
Therefore the motion on an inclined plane does not differ from 
that of free fall in kind, but only in degree. Hence the foiTQulse 
for time, space, and velocity on an inchned plane are like those 
relating to fi'ee fall, if the value of/ be substituted for g. 

151- Formula for the Inclined Plane. — The forraulaa for 
free fall (Art. 28) arc here repeated, and against them the corre- 
sponding formulfc for descent on an inclined plane. 

Free fall Descent on an inclined plans. 

, J, . f/ '* t' 

1- ' = ^9i ' = ~^r 

2. t=\/^ .=i/n?. 

g f/h 

^- ^^ 2g '" ^''/'L_ 

5. t = - '^4-- 

^- "-St ^--r- 

By formula 1, s fc f, and by formula 3, s cc w'. It follows that 
in equal successive times the spaces of descent are as the odd 
numbers, 1, 3, 5, .&e., and of ascent as these numbers inverted ; 
also, that with tiie acquired velocity continued uniformly, a body 
moves twice as far as it must descend to acquire that velocity. If 
a body be projected up an inclined plane, it will ascend as far as it 
must descend in order to acquire the velocity of projection. The 
distance passed over in the time ^ by a body projected with the 

velocity v, down or up an inclined plane, . equals t v ± ^^^-^-r . 

These statements are proved as in the case of free fall. Chapter H. 
152. Formnlee for the whole Len|th of a PlJino.— 
1. The velocity acquired in descending a piano i3 tlic same as 

that acquired in falling down its lieight. i 

For now a ~ I; hence (formula 4), v — l~- — ] ~ [2 g h)^, 
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which is Uio formuia for free Ml through It, the lieight of the 
lilane. 

On different planes, therefore, v oc A"^. 

2. The time of descending a plane is to tlte time of falling down 
its heiglit as the length to the height. 



For (formula 3) t = (^-f) ~ ^ {~/) ^^^ *^^" ^^^^ 
fall down the height is ( — ) . Therefore, 
t down plane : t down height : : I (—7) : ( — ) j 



of 



On different planes, t cc — -r^ 
Vh 

It follows that if several planes havo the same height, the veloc- 
ities acfinired in descending them are equal, and the times of 
descent are as the lengths of the planes. For, let A 0, A D, A E, 

(Fig. 114) have the same height A S; then, since v x 7(-,and/ii3 

the same for all, v is the same. And since I x ■■ , and h is the 

Vh 
same for all the planes, t x I. 





153. Descent on the Chords of a Circle. — In descending 
the chords of a circle which terminate at the ends of the vertical 
diameter, tlie acquired velocities are as t/te lengt/is, and the times of 
descent are equal to each other and to the tiim of falling through the 
diameter. "" 

For {Art. 152) the velocity acquired on A O (Fig. 115) ~ 
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is constant, varies as A G, the length. 

Again (Art. 152), the time down AG — ( j—) = 

[ — - — ^ — -I — 1 J , which is cq^ial to the lime of fulling 

freely through A B, the diameter, 

154. Velocity Acquired on a Series of Planes. — If no 
velocity be lost in passing from one plane to another, the velocity 
acquired in descending a series of planes is equal to that acquired 
in falling throngh their per pendicn- t:-.„ ,,, 

lar heiglit For, in Fig. 116, the 
velocity at B is the same, whether 
the body comes down A B ov E B, 
as they are of the same height, Fb. 
If, therefore, the body enters onB G 
■with the acquired velocity, then it is 
immaterial whether the descent is 
on ^ B and _B C or on £■ C; in D '^ 

either ease, tlie velocity at C is equal to that acqnircil in falling Fc 
In like manner, if the body can change from B G to CD without 
loss of velocity, then the velocity at D is the same, whether ac- 
quired on j1 JS, ^ G, and D, or on F D, which is the same as 
down F G. 

155. Ths Los3 in Passing from one Plane to Another. — 
The condition named in tlie foregoing article is not fnllilled. A 
body does lose velocity in passing from one plane to another. And 
the hss is to the whole previous velocity as the versed sine of the 
angle between the planes to rodiiis. 

Let B F (Fig. IIT) represent the velocity which the body has 
at B. Eesolve it into B D tm the second plane, and D ^fperpen- 
dicular to it B D is the initial velocity on B C; ,.,„ ^,, 
and, a BI= B F,D I \8 the loss. But D I ia 
the versed sine of the angle FB D, to the i-aclins 
B F; and .*. the loss is to the velocity ai B aa D I 
: B F:: ver. sin B : rad. 

156. No Loss on a Curve. — Suppose now 
the number of planes in a system to be infinite ; 
then it becomes a curve (Fig. 118). As the angle 
between two successive elements of the curve is in- 
finitely small, its chord is also infinitely small ; but 
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its versed sine is infinitely smaller still, i. e., an inCnitesimal of the 

second order ; for diam. : chord : : chord ; ver. li'. n 1 1 h. , 

sill. Therefore, although the sum of all the 

iaiinitely small fuigles is a finite angle 180° 

— A GJ>, yet, as the loss of velocity at each 

j)oiiit is an infinitesimal of the second order, 

the eniire loss (which is the sum of the losses 

at all the points of the eui-re) ia an infmi- 

tesimal of the first order. n Q 

Hence, a body loses no velocity on a curve, and therefore 
acquires at the bottom the same velocity as in falling freely 
through its height 

It appeal's, therefore, that whether a body descends vertically, 
or on an inclined plane, or on a eurve of any kind, the acquired 
velocity is the saine, if the height is the same. 

157. Tmes of Descending Similar Systems of Planes 
and Similar Curves. — If planes are equally inclined to the hori- 
zon, the times of describing them are as the square roots of their 
lengths. For, if the height and base of eacli plane be drawn, simi- 
' !3 are foimed, and A : Hs a constant ratio for the sevoral 

— — a — n cc Vf: that is, the time va- 

ries as the square root of the length. 

If two systems of planes ai"e similar, i, e., if tbo corresponding 
parts are proportional and equally inclined to the horizon, it is 
still true that tJie times of descending them are as the square roots 
of their lengths. 

LstABCZ>a,ndabcd (Fig. 119) be similar, and let A F and 



lanes. By Art. 153, t o 




a/be drawn horizontally, and the lower planes produced to meet 
them, then it is readily proved that all the homologous lilies of 
the figures are proportional, and tlieir square roots also propor- 
tional Then (reading t, A B, time down A B, &c.), 
we have t,A B ■.t,ah:\ V~AB : Vah; 

t,EB:t,eb:: VEB: »/Jl:: VjfB : +VS; 
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and t,EC:t,ec:: VWV : 

.: (by Bubtraction) t, B G:t,hci: VAB : Vab. 
In like manner, t,G D : t,cd:: VAB : Vab. 
.: (by addition) 

t,{A B + B a + C D) : t,{aj) + 1> c -^ c d) :: VAB: Vab 

:: ^/{AB + BC-i- CD): i/{ah ■\- be + cd. 
Tbongli there is a loss of velocity in passing from one plane to 
anothel', the pi-oposition is still true; because, the angles being 
equal, the losses are proportional to the acqnii-ed velocities ; and 
therefore the initial velocities on the next planes are still in the same 
ratio as before the losses ; hence the ratio of times is not changed. 
The reasoning is applicable when the nnmber of planes in each 
system is inflnitely increased, so that they become curves^ similar, 
and similarly inclined to the horizon. Suppose these curves to be 
circular arcs ; then, as they arc similar, they are proportional to 
their radii. Hence, the times of descending similar circular arcs 
ai-e as the square roots of the radii of those arcs. 

158 Questions on ths Motions of Bodies on Inclined 
Plane s. — 

1. How long will it take a body to descend 100 feot on a plane 
whose length is 150 feet, and whose height is CO feet ? 

Atis. 3.9 see. 
3. There is an inclined raih'oad track, 3J miles long, whose 
inclination is 1 in,35. What velocity will a car acquire, in run- 
ning the whole length of the road by its ovm weight ? 

Ans. IOCS miles per hour. 
3. A body weighing 5 lbs. descends vertically, and di-aws a 
weight of 6 lbs. up a plane whose inclination is 45°, How fsw will 
the first body descend in 10 seconds ? Ans. 110.74 feet. 

4 A body descending vertically drew another body of half 
the weight up an inclined plane. Wlien the bodies had described 
a space c the cord broke, and the smaller body continued its mo- 
tion through an additional space c before it began to descend. 
What is the inclination of the plane ? Ans. 30°. 

159. The PendiUum- — A pendulum is a weight attached by 
an inflexible rod to a horizontal axis of suspension, so as to be free 
to vibrate by the force of gravity. If it is drawn aside from its 
position of rest, it descends, and by the momentum acquired, rises 
on the opposite side to the same height, when gravity again causes 
its descent as before. If unobstructed, its vibrations would never 
cease. 

A single vibration is the motion from the highest point on one 
side to the highest point on the other side.. The motion from the 
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highest point on one side to tha same point again is called a 
double vihraiion. 

The axis of the pendulum is a line drawn throngb its centre of 
gravity perpendicular to the horizontal axis about which the pen- 
dulum ■vibrates. 

The centre of oscillation of a pendulum is tliat point of its axis 
at which, if the entire mass were collected, its time of vibration 
would be unchanged. 

The length of a pendulum is that part of its axis which is 
included between the axis of suspension and the centre of oscil- 
lation. 

All the particles of a pendulum may be conceived to be col- 
lected in points lying in the axis. Those which are above tlie cen- 
tre of oscillation tend to vibrate quicker {Art 157), and therefore 
accelerate it ; those which are below tend to vibrate slower, and 
therefore retard it. But, according to the definition of the centre 
of oscillation, these accelerations and retardations exactly balance 
each other at that point. 

160. Calculation of the Length of a Pendulum. — Let 

C q (Pig. 120}' be the axis of a pendulum in which all its weight 
is collected, C the point of suspension, G the centre of 
gravity, the cen^ of oscillation, a, b, &&, particles ^^- 1^"- 
above 0, which accelerate it, p, q, &c., particles below 0, 
which retarji it. = l,is the length of the pendulum 
required, benote the masses concentrated in a, b . . , 
P, q,hj m,m' . . .. m" m'", and their distances from V by 
r,r'.... r", r'"; and denote the distance from C to G 
by h. Denote the angular velocity by 0; then the ve- 
locity of m "will be r and its momentum will hemr 0. 

K m had been placed at 0, the moving force would 
have been m I 0. The difference m {I —r) 8, is that por- 
tion of the force which accelerates the motion of tlie 
Bystem. 

The moment of this force with respect to is 
mil-r)rO. 

In like manner the moment of in' is m' (I — r') r' 0, 
and so on for all the particles between C and 0. 

The moments of the forces tending to retard the sys- 
tem applied at the points p, q, &c., are 

m" (j •' -l)i " 0, m'" {r"' - I) r'" G, &c. 
But since these forces are to balance eacli other, we have 



--A 



--P 



-^? 



n{l-r) 



•6 + m'(l~r')r'e+ &e. 
+ m'" {r'" ~ I) r'" + < 



= m"{r"-l)r"0 
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r' + m' r" + m" r'" + & 



h &c. 



^ S {m )■' ) 



Or I = ';f-r- — J-, where S denotes tlic sum of all the terms similar 

S {m r) 
to that which follows it. 

The numerator of this expression is called the moment of inertia 
of the body witli respect to the axis of suspension, and the denomi- 
nator is called tho moiMut of the mass, with respect to the axis of 
suspension. 

By tlie principle of moments (Art. 77) m r + m' r' + &c., or 
S {m r) = M k, where M denotes tlie entire mass of the pendulum ; 

hence, by substitution, I = ■■■■ ^ , — ■• 

Tliat is, the distance from the axis of suspension to the cmtre 
of oaciUaiion is found hy dividing the moment of inertia, with 
respect to that axis, iy tlie moment of the mass with respect to the 
same axis. 

161- Tho Point of Suspension and the Centre of Ob- 
cillation luterchai^eable. — Let tlie pendulum now be sus- 
pended from an axis passing through 0, and denote by I' the 
distance from to the new centre of oscillation. The distances of 
a,h . ■ . .p,q, from 0, will be ? — r, i — r', &c., and the distance 
G* wiU be ^ - A. 

Hence, from the principle just established, we have 
?• ~ Sbrt(l~r)'] _ S(mr-2mrl + mr') 
~ 31 {I -k) ~ M{l-k} 

_ S (m r)-% S (m rl) + S{m r') 
" M{l-k) 

But S {mr') = Mkl; and since I is constant, 

, _ MP -2 lS{ mr) + Mhl _ Jl/f - 2Mkl + Mhl 
" M{l-k) "" M{l-b) 

_M(l -k) l _ 
"'Mil-k) '^ 
This last equation shows that the centre of oscillation and the 
point of suspension are interchangeable ; that is, if the pendulum 
were suspended from 0, it would Yibratc in the same time as when 
i from C. 



X62, The Cycloid. — One of the methods of investigating the 
theory of the pendulum is by means of the properties of the cy- 
cloid. This curve is described by a point situated on the circum- 
ference of a circle, as it rolls on a straight line. 

Let the circled MB (Fig. 131) make one revolution upon the 
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line A X, equal to its circumference ; the curve line C D B X, 
traced out liy that point of the circle which was in contact wAh 
C when the circle began to 

roll, is called a cycloid. If , Fio.J2l. 

CX be bisected in A, and 
ABhe drawn at right angles 
to it, it is evident, from the 
manner in which the cuitq 
ia generated, that it will h ave 
similar branches on both 
sides of A B, and that its vertex B will be so placed as to mate 
the axis A B equal to the diameter of the generating circle. The 
properties of the cycloid, as applied to the vibration of tlie pendu- 
lum, are the following. 

163. The Cycloidal Ordinate D H equals the circular arc 
B H.—Foa, \etbDa (Fig. 121) be the position of the circle when the 
generating point is at iJ ; draw the diameter b a parallel to B A, 
and from D draw DHL parallel to C A; then the arc D a — ara 
H A, .: tlie sines D 0, H L, are equal ; hence D H = L; but 
from the mode in which the cycloid is generated, a = arc D a, 
and A = semi-circumference B HA ; hence D H — L = a A 
= CA — G a= semi-circumference B HA — arc HA = a,v(iB H. 

164. A Tangent to the Cycloid ai any point, E {Fig. 122), 
is parallel to the corresponding chord B K of ike generating circle. — ' 
Draw DHL infinitely near to S E M; 

join B K, and produce it to h The ^"3- 1^3. 

elementary triangle H Kk is similar to r b 

the triangle K R B formed by the tan- 
gents {KR,BR) to the circle at the 
points K, B, and is consequently isos- 
celes; .-. If i?= ^i. Now (Art. 163), 
&kBKH = DH; from which equation 
subtract the previous one, and arc B K ' 
^Dh- But wcB K= E K-, .-.E E '~ 
— Dk. Hence, since E E and Z) A are equal and parallel, E D and 
E k must also be equal and parallel ; and as the tangent at the 
point E may be considered as coinciding with E D, it must 
therefore be parallel to the chord B E. 

Hence the ends of the cycloid meet the base at right angles; 
for the tangent at C is parallel to B A, the asis. 

165. The Cycloidal Axe B E is equal to twice the correspond- 
ing chord B E of tJte generating circle. — Draw H o perpendicular 
to E k ; and since the triangle E II Jc is isosceles, // o bisects the 
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base Kh, :. K h or E D — 2 K o; and since // o may be consid- 
ered as a small circular arc described with radius B IJ, Ko^ B o 
— B K — B II — B K; hence E D and K are correeponding 
increments of the eyeloidal arc B E and the chord B K; and aa 
the arc and choi-d begin togetlier from the point B, and every in- 
crement of the former is twice the corresponding increment of the 
latter, the a.rc B E must be equal to twfce tfee chord B K; conse- 
quently, the whole arc B C = twice the diameter A B ; and the 
length of the whole curve C B X (Fig. 131) = i. A B. And as 
CA X= 7T . A £, therefore the whole cycloid ; its base : : 4 : tt, 

166. Descent by Gravity on a Cycloid.— -fi^J" if (Fig. 
123) is a circle whose di- 
ameter J? i/ is. perpendic- ^^"^ ^23. 
ular to the horizon, and . 
BOM is the corre- 
sponding BHmiejcloid. 

Let the body begin to 
descend Item any points. 

Draw A I) parallel to 
B E, and upon M D &s a 
diameter describe the cir- 
cle D N P M, with its 
centre at 0. 

Put It ^ D M,r~ CE, x = D H; then the time of describing 




G K 
■ '/To 



^ . ., _ , G K FM 
By similar triangles ~j^j ~ -j^j = 



and 



NP ^ ON^ iy"_ 

'pq~ NH ~ VMlfTnil 

dividing (1) by (3), 

_ff^_ VWe . D II 

NP 



T. (3) Now /rX^PQ; hence, 



aaid the time of descending Kin 

\V%V^,.NP r- 

V2(/x ^'' 9 

In like manner, the time of describing any other elementary 

3 /r 
arc will be found to be y - timea the coiTesponding are on the 
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eircuinferencGDiVP-3/'; hence the time of describing the cjcloid- 
al arc ^ jV will be ^ l/*^ x arc /) JVP if ^ ^ |/'' . ^ = 



This expression for the time down A M being independent of 
h, is very remarkable, for it proves that 

The time of descent on a cycloid to the lowest point is ahoays (he 
same, from wJiaiever point in the curve the body begins to descend. 

The time of falling through E j¥ is 3 y - ; .•. time down A M 



,i/^-:H/'- :■.,:!! 



: Bemi-circumference : 



; time down E M\: 
diameter. 

167. The Involute of a Semicycloid.— ^Tho involute of 

any curve is another curve described by the extremity of a tangent 

as it unwinds from the former, which 

is called the evolute. If, for example, 

a tangent of a circle unwinds from it, 

the circumference of the circle is the 

evolute, and the spiral described by the 

end of the tangent is tlie involttte of 

the circle. The involutes of most 

curves are different from their evo- 

lutes; but in the case of the semi- 
cycloid, the involute and evolute are 

of the same form and size. 

Take any line S C (Fig. 134), and 

draw S A 3,i right angles to it ; make 

S G '. S A:: semi-circumference of a 

circle : its diameter ; and complete the 

parallelogram SODA. Pi'oduce S A to B, making^ B -= S A; 
upon SO, A D, describe two semieycloids S D, D B, the vertex of 
the former of which is at D, and the latter at B ; then if the tan- 
gent Tinwinds, beginning at D, until the point of contact reaches 
S, its extremity will always be found in the semicycloid D B. For, 
through any point Fo'o. A D, draw B F 6 perpendicular to S C, 
and through B draw B G parallel ix> S G; then E G = S B; on 
E F,FG, describe the semicircles E T F, F P G, and draw the 
chords T F, F P, the former of which (Art. 164) is a tangent to 
the cycloid S D a.\. T. Now S E ■= s.-rn E T,wc^d. S G = E T P; 
.: G E {=^ D F) = aNi T F; -but D F ^ F P; .-.arcs P T, P P 
are eqaal, and also the angles subtended, T E F, F P. There- 
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fore, as Tand P are right angles, EFT^PFG.andPFTh 
a straight line; moreover, TP = 2 TF~ (Art. 105) the cyeloidal 
arc 2" Z>. Therefore, T Piaa tangent nnwounil fi'om J), and F 
is its extremity ; ajid P having been assumed anywhere on the 
semicjcloid P li, it follows that P P B i^ the involute oi S T D. 

168. The Cyeloidal Pendulum.— A pendulum may be 
made to vibrate in a cycloiil by attaehing the weight J" (Fig. 125) 
to a flexible cord, whose 
point of suspension is at ^^- ^ 

S, where two semicy- 
cloids meet. The cord 
and the semi-eyeloid 
should be of the same 
length, and then (Art 
167) the weight P will, 
at each vibration, de- 
Bcribe arcs of the cv- 
cloidD^^, as involutes 
oiSDanASE. Hence, 
the conclusion arrived at 
in Art. 166 applies to this 

motion ; namely, ihe time down P B from any point P : time doion 
A B:: semi-drmtnfermce : diameter; .: doubling the antecedents, 
the time of a single vibration : iime of feeing half the length of the 
:1. 




169. Application to the Circular Pendulum.— Since the 
proportion at the close of the foregoing article is always true, from 
whatever point the descent commences, therefore 

All the vibrations of a cyeloidal pendulum are performed in 
equal times, hoioever large or small the extent of swing. 

This is not tme of any otiier curve. But it is evident that a 
very short arc of a cycloid at the lowest point B is comcident with 
the arc of a cii-cle whose centre is S. Hence, if a pendulum iibiate 
through very slutrt arc», the conclusions are pi-actic iliy true thit 
in circular pendulums also unequal arcs are described in equ'il 
times, and that the time of a vibration is to the time ot falling 
through half the length of the pendulum as ttis to 1 For this 
reason, the pendulum of an astronomical clock is ^o connected 
with the machinery hy its scapemeut, as to vibrato in small ^lc^ 

170. Relation of Time, Length, and Force of &ravity. — 

Let I — the length of a pendulum, that is, the distance from the 
point of suspension to the centre of oscillation. Then the time of 
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falling half its length r^ I -I = (-1 . Hence, putting / = time 
of a single vibration, 



' = (t)'' 



Therefore, the length of a pendulum being known, the time of 
one vibration is fouud ; and on the other hand, if the time of a 
vibration is known, the length of the pendulum is ol)ty,incd from 
it 

Prom the same formulfe, we find that t cc Vl, or 

Tlie time in which a pmdulum makes a vih'atioii varies as the 
square root of the length. 

Ast X VT, .: lr£i'; hence, if the length of a seconds pendukim 
equals I, then a pendulum which vibnitea once in two seconds 
equals 4 I, and one which beats haif seconds = ■} I, &c. 

Again, by obsemng the length of a pendulum which vibrates 
in a given time, the force of gravity, g, may be found. For, as ^ = 

^. .■■ d ~ —^- And if a varies, as it does in different latitudes 
and at different altitudes, then I = ^ cc g f; and if the time is 

constant (as, for example, one second), then I x g. Hence, 

The length of a pendulum for beating seconds varies as the force 
of gravity. 

Also, ^ cc I — I ; that is, the time of a vibration varies directly 

as the square root of the length, and inversely as the square root 
of the force of gravity. 

Since the number, n, of vibrations in a given time varies in- 
versely as the time of one vibration, therefore n ot (-—) , and 

g X ! n,'. Hence, if the time and the length of a pendulum are 
given, 

■ The force of gravity varies as the square of the ntimier of vibra- 
tions. 

1. TV'hat is the length of a pendulum to beat seconds, at the 
place where a body falls 16 /j ft. in the first second ? 

Ans. 39.11 inches, nearly. 
3. If 39.11 inches is taken as the lengtii of the seconds pendu- 
lum, liow long must a pendulum be to beat 10 times in a minute? 
Ans. 117-.; feet 
3. In London, the length of a seconds pendulum is 30.1386 
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inches ; what velocity is acqiih'ed by a body falling one second in 
that place? Am. 33.19 feet. 

171. Ths Compensation Pendulum. — This name is given 
to a pendulum which is so constructed that its length does not 
vary by changes of temperature. As all siihstances expand by 
heat, and contfact by cold, therefore a pendulam will vibrate more 
Blowly in wann than in cold weather. This difficulty is overcome 
in several ways, hut always by employing two substances whose 
rates of expansion and contraction are nn- 
equaL One of the most common is the ^nW- ^" '' 

iron pendulum, represented in Fig. 126. H .^z ..J, 

consists of alternate rods of steel and brass, 
connected by cross-pieces at top and bottom. 
The rate of longitudinal exijansion and con- 
traction of brass to that of steel is about as 
100 to 61 ; so that two lengths of brass will 
increase and diminish more than three equal 
lengths of steel. Therefore, while there art 
three expansions of steel downward, two up- 
ward expansions of brass can be made to neiv 
tralize them. In the figure the dark rods rep' 
resent steel, the white ones brass. Suppos< 
the temperature to rise, the two outer steel 
rods (acting as one) let down the cross-bar d _ _ 

the two brass rods standing on d raise the bai / ' ■<- 

b ; the steel rods suspended from b let down ^ 

the bar e, on which the inner brass rods stand, "^f 

and raise the short bar c; and finally, the 
centre steel rod, passing freely through d and e, lets down the disk 
of the pendulum. These lengths (coauting each pair as a single 
rod) are adjusted so as to be in the ratio of 100 for the steel to fil 
for the brass ; in which case the upward expansions just equal 
those which are downward, and therefore the centre of oscillation 
remains at the same distance from the point of suspension. 

If the temperatnre falls, the two contractions of brass are equal 
to the three of steel, so that the pendulum is not shortened by 
cold. 

The mercurial pendulum consists of a steel rod terminating at 
the bottom with a rectangular frame in which is a tall narrow jar 
containing mercury, which is the weight of the pendulum. It 
requires only 6.31 inches of mercury to neutralize the expansions 
and contractions of 42 inches of steel 
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CHAPTER VIII. 

PROJECTILES, CENTRAL FORCES. 

172. Path of a Projectile, — It has been shown already 
(Art. 44), that a body projected in any direction not coincident 
with the vertical, deaeribea a parabola. In swift motions, however, 
the path of a pi-ojectile differs widely from a parabola; and ths 
laws of atmospheric resistanco mast be employed to obtain cor- 
rections for the conclusions deduced in this chapter. 

173. Formulae Investigated. — In order to inTcstigatc tha 
general formula, let A (Fig. 127) be the point of projection, A B 
the plane over which the body is " ' 
A B also denotes the range or dis- 
tance to which the body is thrown. 
Let ^ (7 be drawn parallel, and 
BCD perpendicular to the hori- 
zon. Put a = G AD, the angle of 
elevation ; 6 = (? ^ 5, the angle of 
elevation or depression of the plane 
of the range ; v = the velocity of 
projection ; f = the time of flight ; 
r — the range ; and g = 32J feet, 
the velocity imparted by gravity in 
one second. 

Then, by the lawa of uniform motion, at the end of the time t, 
if gravity did not act, the body would be found in the point J), 
while, by the laws of falling bodies, it would in the same time pass 
through the perpendicular D B ; consequently, 
AD = tv; and D B == I ff l\ 

In the right-angled triangles ABO and ADC, iho angle B 
is the complement of b, and the angle D is the complement of a ; 
aud, since the sides are aa the sines of the opposite angles, 




cosi ■.s,m{a ±i)::iv: tv - 



cos 5 



Plus i 



i when the plane A B descends; minus, when It 



Or, 



91 



cos ft : sm (a ± 



- sin {a ± I) 
cos i 

COS a 



(1) 
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Or ?— = ^'" ( " ^ ^) 

' 3 /■ cos a 

Eliminating ^ from (1) and (2), we have 

r _ 2 sin {a ± i) cos n: 

v'' ~ g cos' A 

From these three equations, all the relations between the lime, 

Telocity, range, and angle of elevation, are i-eatlily determined; 

BO that any two of these four qimntities heing given, the otlicr two 

may he found. Thns, 

-n y ,-,\ at cosh 

B,eqnahou(l) ' =- ^f^'j^^^^- 

By equation (3) r = ^. — -. — 3-^7. 
■' ^ ^ ' 2 sm (a ± S) 

The ran(/e and elevation being given, to find the time and 

velocity. 

sin {a ± i)\'' 

g cos «) ^ 

r g cos' ft y 
\{a±i) cos (t/ 
The velocity and elevation being given, to find tlie ^zwe and 

„ ,. ,. , , 3 jjsin (o± 6) 

By equation (l) t = — ; -. 

■' ^ * g cos 

3 v' sin (a ± 5) cos a 

By equation (3) r = ^— 5-,-^— 

•' ^ ^ ' (? cos 

If any two of the above quantities be given to find the angle of 
elevation, then (b being known) in oi-der to find the value of a we 
Bubstitnte in formulte (1), (2), and (3), for sin (« ± 5), its value, 

viz., sin a cosh ± sin b cos a, and, in reducing, put tan for ~ . 
Formula (1) becomes sin ra ± tan 6 cos a — ~-, whence by 

eliminating cos a, the value of sin a can be found. The resulting 
equation being a quadratic, there will be, in general, two values 
of sin « ; that is, two angles of elevation for the same value of 
V and t. 

Formula (3) becomes tun o cos & ± sin b = y , whence 



By equation (3) t = I 

By equation (3) 



fff 



^ tan i. 
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_ , ff r COS 5 , , ., ,, ,,-'- , 

Put C = 9^] — 1 SI-™ ^ = ^"^ "' ^"^"^ (^ ~ ^ > = "^OS "J ^1<l 

a (1 - a:')- ± tun i, {I ~ r') = c fiom wlndi < lt sin « ma\ U 
found. 

174. Different Angles of S^evation for the Same 

Range.— As this last equation is a bn^uadiatic, it will gi^e four 
values of a^; the two positi^i. \ilue8 mdicite that there ate two 
different angles of elevation cf rieiponding to tlie same values of 
V and r. When these two halites are equal, then, as ihown 
telow, a ~ i (90° ^ 5), m which case the nnge (j) is a maxi- 
mum; and there is tlie same lange foi any two tnglcs eqmlly 
above and below that nhicli gives the mi\imum For, since 

„ , sin (a ± b) cos a . , ,, , , ,, 

r = 2 v" ' -^ — — , if (' and the unek b att giVLn, the lango 

g cob' i e. b t to 

will vary as sin (b ± &) cos a. But 

sin {a ± 5) cos a — sin a cos a coa 6 ± sin b cgs' a 

= J sin 2 R cos 5 ± sin & (! + J cos 2 a) 
= J sin 2 ([ COS b ±\ cos 2 » sin 5 ± \ sin h 
= isin(2a±J)±^sinJ; 
and since the second part of this expi^ssion.^s constant^ the range 
will be a maximum when sin (3 « ± 6) ia' % ■ maximum ; that is, 
when 3 » ± 5 ^ 90°. 

^.a = \ (90° ^ b). 
Therefore the range will he a maximum when tlio angle of eleva- 
tion is equal to ^ (90° ^ S). 

„, , ,„„„ ,\ , sin (90° 4- 2(;) ±£in J 

When fl - 1 (90° T 6) + c, r - v' ^^ --,— , 

' ^ g cos b 



and when a^ l (90" =f 5) - 



_ , sin (90° - 2 .-) :±- sin b 
(jco^'b - ■ 

Bat sin (90° + 3 c) = siu (90° — 3 c), since the sines of sup- 
plementary ares are equal; hence all angles of elevation, equally 
above and below that which gives the maximum, have equal ranges. 
Thus, a cannon ball fired at an angle of 60° above a horizontal 
plane, would reach the plane at the same distance from the point 
of pro;iection as if fired at an angle of 30°. When the data of the 
problem give or require a greater value for sin (3 n ± 5) than 1, 
the sine of 90", the problem, under the proposed conditions, is 
impossible. 

That the two values of sin a are equal when the range is a 
maximum, may be shown as follows : 

Let X and y be tfro varying supplmnentary area, and let 

,,,,,, , sin « ± sin 5 

a = i (x^b) ; then r — y — —■■;-, — ■. 
■' '• ^ ' ' (J cos' b 
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, . , , , , T\ .^ . sin « ± sin 5 

AEraiii, lcta=l (u ^ o) ; then r — v — ■^ — , , ■-. 

NoTV, although these two values of a may be different, yet the 
ranges cori-eaponding to them will be equal, because sin x — sin ^. 

Suppose X to ijicrease from to 90° ; then t/ will decrease from 
18(^ to 90°, and the two values of « will become eqiial, each being 
^ (90° ^^ i). But, as has been shown, this value of a gives a maxi- 
mum for r. 

175. Ths Greatest Height of a Projectila.— To lintl the 
greatest lieight to which the projectile will asoeiid, it must be eon- 
eidei'ed that a body projected pei^pendicularly niiwiii'd, will rise to 
the same height i'ram which it must have fallen to acquire the 
velocity of projection (Art. 34). Since v i-cpresents the whole 
velocity of projection in an oblique direction, and since « is the 
angle of elevation, therefore v sin a is that component of the 
velocity which acta directly upward. And the sihicc described 

vertically by tnis component of the velocity is [(3) Ari-, 28] s = —. 

Hence, substituting h for s, and v sin a for v, we have 

"-'^ « 

If, therefore, the angle of elevation and the velocity of projec- 
tion are given, the greatest height is found as above. Or, if the 
angle of elevation, and that of the plane, be given, along with the 
range (r) or the fime (f), then let v be found first, as in Art. 173 ; 
after which A may be obtained fram equation (4). 

If the velocity of projection, and the greatest height to which 
■the projectile rises, were given, equation (4) will detei-raine the 

, , , , . ^ . ^ v' sin' a , , 3 (7 A , 

angle of elevation. For smce h = —^ — -, .■. sm' a = — >--, and 

sm.a = ~i'— . 

176. Particular rormnlEe for a Horizsutal Plane.— Tiie 
preceding equations become much more simple when the projec- 
tion is above a horizontal plane; for then li = 0; therefore sin b 
= 0, and cos 5 = 1; hence, from cquotians (1), (3), and (3), we 
have 

^^3^n_«^^^.^^ (!■,, 

tan« = -J^ (n 

v' sin 2 n , - „ /n^ 

r = cc ^ sm 2 a ... . (o). 
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On a horizontal plane, therefore, we have the following the- 
orems : 

I. The TIME OF FLIGHT varies as the vdociiy of projection mul- 
tiplied by the sine of the angle of elevation. 

II. 27(0 BANGE varies as (he square of the velocity of projection, 
mnltiplied hy the sine of twice the angle of ehvation. 

Moreover, since the sine of twice 45° equals the stiig of 90°, 
■which equals radius, benco, hy Theorem II, 

III. The RAICGE IS GBEATEST when the angle of elevation is 
45°, and is the same at elevations equally above and below 45°. 

IV. The TIME OF FLIGHT IS' OBEATEST when the body is 
thrown perpendicularly upward. 

177. The Equation of the Path of a Projectile. — Sup- 
pose the body is projected from A (Fig. 138) in the direction A T 
with Sk velocity v, and let 
A X, horizontal, and A Y. 
vertical, be rectangular 
axes. 

The components of v 
along the axes are, v ooa a 
for J. X, and v sin a for 
A Y. At the end of the 
time t, suppose the body to 
be at G. Denote the co-or- 
dinates of tl]e point C by 3! 
and y, then x = t vcb% a, 
mdiy = BD- BC = tvs. 

Eliminating t, we have 




an equation expressing the relation between x and y for any value 
of t whatever, and consequently the equation of the path. 

To find the range A E, make i/ = ; then a; ~ 0, or a; = 



2 r em a coa a 
9 . 

The first value of a: corresponds to the point A ; the second is 
the range A E. 

To find the time of flight, make x = r in the equation x = 

t V coa a, and we have t = — . 

fcosra 

If a — 0, y — — "^ — ^,1 the equation of the path when the body 

is thrown hoi-iz on tally. Since y is negative for all values of x, 
every point of the patli, except A, lies below a horizontal line 
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drawn throngli the point of projection. A C represents the path 
when the hody is projected in the line A X. 

If positive ordinates are estimated from A X downward, the 

equation may be written y —^■^-^. 

178. To Find the Range on an Obliqua Plane.— Let 6 

be the inclination of the plane to the horizon ; then y = ±x tan 5 
is the equation of the line in which the obliqiie plane intersects 
the plane of the projectile's path. Combining this with the equa- 
tion 1/ ~x tan a — ttHt — r— , we have ± x tan b ~ x tan a — 
■' 2v cos a 

q v' , n , 3 w' cos'fT ,, 

;;— ! — r- ; whence a- — 0, and x — — (tan « T tan 5) = 

2 B cos a 9 

2 «' COS a Bin (a Th) , , , , .„ , x 

■ — ■ — i_ — ' and hence the range Will be r — = 

g cos cos 5 

2 v' cos a sin (a T V) 
g cos' b 

179. Questions en Projectiles.^ 

1. A gim was fired at an elevation of 50°, and the shot struck 
the ground at the distance of 4898 feet; with what velocity did it 
leave the gnn, and how long was it in the aii'? 

Ans. Velocity, 400 feet per second. 
Time, 19.05 seconds. 
9, Range 4898 feet, time of flight 16 seconds; required the 
angle of elevation and the velocity of projection ? 

Ans. a = 40° 3', v = 400 feet per sec, 

3. Range 2898 feet, velocity of projection 389,1 feet, what were 
the elevation and time of flight? 

Ans. a ^ 19° cr 71°, t = 7.87 or 22.8C sec. 

4. Elevation 40°, range 4898; i-equired the i-ange when the 
elevation is 39^° Ans. 4363. 

5. Elevation 40° 3', time of flight 16 seconds ; required the 
i-ange and velocity of projection ? Ans. r — 4898, v — 400 ft. 

6. Velocity SIO feet per see., time of flight 15 seconds, to find 
the elevation and range. Am. a = 38° 14', r = 6740. 

7. On a slope ascending uniformly above a horizontal plane at 
an angle of 10° 20', a ball was fired at an angle of elevation above 
the horizon of ^4°, and with a velocity of 4Q1 feet per second ; 
what was the range on the slope when the gun was directed up the 
hill, and what when directed downward? 

Ans. 3438 and 5985 feet. 

8. Vfhut will he the time of flight for any given range, the 
angle of elevation being 45° ? /'^~J 

Ans. t = y -— 
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9. Haying given the angle of eleyation, to determine the veloc- 
ity, so that the projectile may pass throiigh a given point. 

Ans. V = V H-7 — r— ■■■ ■■-■—r, ■where z' and w' are 

coa.a ' 3 (a' tan « — y')' ^ 

tJie co-ordinates of the given point. 

10. Find the angle of elevation and velocity of projection of a 
shell, so that it may pass thrOiigh two points, tlie co-ordinates of 
the first Iwiing a/ ^ 1700 ft., j/* = 10 ft., and of the second, 3^' = 
1800 ft., y - 10 ft. Ans. a = 39' 19", v = 3218.3 ft. 

Central Forces. 

180, Central Forces Described. — Motion in a cni-ve is 
always tlie effect of two forces ; one an impulse, which alone would 
cause nnifoiTO motion in, a straight line ; the other a continued 
force, which urges the body toward some point ont of the original 
line of motion. The first is called the projectile fovea, the second 
the centripetal force. 

The centripetal fovcQ may he resolved into two components; 
one in the direction of the tangent, the other perpendicular to it. 
The tangential component will accelerate or retard the motion in 
the curve according as it acts with the projectile force, or in oppo- 
sition to it. When the body moves in the circnmference of a 
circle, the tangential component of the centi'ipetal force is 0, and 
hence the motion is uniform. 

If the centripetal force should cease to act at any instant, the 
body, by its inertia, wbnld immediately begm to move in a straight 
line tangent to the curve at the point where the body was when 
the force ceased to act. 

Since the body, hy its inertia, tends to move in a tangent, there 
is a continued outward pressure directed /rom the centre of curva- 
ture ; this is called the centrifugal force. In circular motion it is 
equal to the centripetal force, and directly opposed to it. 

181. Espreasions for the Centrifr^al Force in Circnlar 
Motion.— 

1. Lot r = the radius of the circle, t' = Fia 130. 

the velocity of the body, c — the distance 
through which the centrifugal force causes 
the body to move in one second, and let 
A B (Fig. 139) be the arc described in the 
mfinitely small time t; then A B -t^ t, 
and, by a method similar to that employed 
in the discussion of the force of gravity, it 
may be shown that BD = ef. 
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But A B, being a yery small arc, may be considered as equal 
to ita chord, which is a mean proportional between A E and tho 



"-2? ''' 

If this be doubled, then (Art. 35) — is the velocity ■which the 

centrifugal force is capable of generating in one second, and this ia 
sometimes taken as the measure of the centrifugal force. 

Pi'om (1) a iiMi:ifia,i)iiiin equal circles the centrifugal force 
varies as the sqimre of the velocity. 

S. The value of c may be expressed in a different form. Let 

(' = the time of a complete revolution ; then Ztt r = v t'; ■whence 

Stt . 

V = ^*— ■ This substituted m (1) givus 

'-"P ■ ■ t^). 

Hence, 7%e centrifugal force varies directly as the radius of tht 
circle, and inversely as the square of the time of revolution. 

3. Let w — the weight of tlie revolving body, and c* ~ the 
centrifugal force expressed in ponnds ; then 

, , V -, , wv' ,^. 

w.e::-So:;r~; ■whence c' = . . (3) 

-■^ 3 r' rg ^ ' 

Let n ~ the number of revolutions per second; then 
r — 3 rr f w, and (3) becomes 



(■t) 



1S2. T-wo Bodies Revolving abo«t their Centre of 
Gravity. — Let A and B (Fig. 130) be two bodies connected by 
a rod, and let them be made to 
revolve about the centre of 



gravity C; then by (4) the ® 1 W 

centrifugal force of A will be -8 J 

~.A.AC .n\ and of S,~—.B.B C. n\ 
9 9 

Eat C being the centre of gravity of the two bodies, A.AO — 
B.B C; .: the centrifugal force of A equals that of B. Hence, 
If two bodies revolve in the same tiim about an axis passing through 
their centre of gravity, tliere loill be no strain upon that axis. 

.183. Centrifugal Force on the Earth's Srarfece.— As the 
earth revolves upon its axis, all free particles upon it are influenced 
by the centrifugal force. Let JV S (Fig. 131) be the axis, and A a 
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EXAMPLES ON CENTRAL FORCES. 11' 

particle describing a circiimrerence with the radius A 0. Put r = 

C Q,r'^A 0,1 = the angle ACQ, 

the latitude, e = the centrifugal force 

at the equator, ^ = the centrifugal 

force at A,v= velocity of §, and v' 

= velocity of A ; then 

But V -.V :: r xr'; whence v' = 

— . Again, from the triangle AGO 

we have f' — r coa I; hence v' = 
, , v' cos' I v' cos I 

with that of c, we have 

c' = c cos I. 
That is, iJie centrifugal force ai any point on the eartJi's surface is 
equal to the centrifugal force at the equator, multiplied by the cosine 
of the latitude of the place. 

Let A B represent the centrifngal force at A, and resolve it 
into ^ i> on C A produced, and A F, tangent to the meridian 
N Q S; then, since the angle D A B = A C Q = l,\\'e, have 

jd D = ^ .S COS ; = c cos ? . cos / = c cos' /. 
That is, that eomj^onmt of the centrifugal force at any point, which 
opposes tJie force of gravity, is equal to the centrifugal force at the 
equator^ multiplied by the square of the cosine of the latitude of 
the place. 

In like manner we find A F = A B sin ? = c cos i^ sin ? = 

— ^— , From this.- equation we see that the tangential com- 
ponent is at the equator, increases till I = 45°, where it is a 
maximum ; then goes on diminishing till I = 90°, when it again 
becomes 0. 

The effect of yl D is to diminish the weight of the particle, 
while the effect of J i^ is to urge it toward the equator. 

181. Hxamples on Central Forces. — 

1, A ball weighing 10 lbs. is whirled around in a circumference 
of 10 feet radius, with a velocity of 30 feet per second. What ia 
the tension upon the cord which restrains the ball ? 

Ans. 28 lbs. nearly. 

3. With what velocity must a body revolve in a circumference 
of 5 feet radius, in order that the centiifugal force may equal the 
weight of the body ? Ans. v = 13.7 ft. 
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3. A liall weighing 3 lbs. is whirled round by a sling 3 feet long, 
making 4 revolutions per second. Wliat ia its centrifugal force ? 

Am. 117.8i Iba. 

4. A weight of 5 lbs. is attached to tbe end of a cord 3 feet long 
jnst capable of sustaining a weight of 100 lbs. How many revo- 
lutions per second must the body make in order that the cord 
may be upon the point of breaking ? - Ans. n = 3.3 nearly. 

5. A railway carriage, weighing 7 tons, moving at the rate of 
30 miles per hoiu', describes an arc whose radius is 400 yards. 
"What is the outward pressure upon the track ? Ans. 188 + lbs. 

6. A hemisphere has its base fixed in a horizontal position, 
and a body, under the influence of gi-avity, moves down the con- 
vex side of it fmm the highest point How far from tlie base will 
the body be when it leaves the surface of the hemisphere ? 

Ans. I r. 
185. Composition of two Rotary Motions.— 
Wlien a hody is rotating on an axis, and a force is applied which 
alone would cause it to rotate on some other axis, the body will com- 
mence rotation on an amis lying iettceen them, and the velocities of 
Totation on the three axes wee such, that each may he represented , ly 
the sine of the angle between the other two. 

Suppose that the body H K (Fig. 133) is rotating on A B, 
and that a force is applied to make it 
rotate on D. Let these ases intersect _^o- 1^^- 

■within the body, and call the point of 
intersection, O. Imagine a peipendicu- 
lar to the plane of the axes to be dtann 
through G, and let P be a paiticle oi 
the body in this, perpendicuhi Sup- 
pose the particle P, in an mflmteh snnll 
time t, to pass over P n by the fiist rot i 
tiou, and -P c by the second Thtn, 
since the particle ^vill describe the diago- 
nal P e in the time t, this line must in- 
dicate the direction and velocity of the 

resultant rotation. Therefore, if .ff P be drawn through G, per- 
pendicular to the plane G P e,E Fis the axis on which the body 
revolves in consequence of the two rotations given to it. Since 
P G is perpendicular to the plane A G G, and also to the line E F, 
therefore E F\sm that plane ; that is, the new axis of rotation ia 
in the plane of the other two axes. The angles AGE and EOC, 
are respectively equal to the angles a P e and e P e, the inelina- 
tions of the planes of rotation. But the lines. Pa, P c, P e, 
represent the velocities in those directions respectively; and 
(Art. 41) Pffl: Pc:Pe:: sin c Pe : sin a Pc: sin bPc; there- 
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hre P a : P c : P e :: sin C G m : sin A G E : ),m A G C; or, 
the velocities on the thi-ee axes, (namely, the axes of the compo- 
nent rotations, and of the resultant rotation,) are such, that each 
may be represented by tlie sine of the angle between the other 
two axes. 

186. The Gyroscops.~The gyroscojie affords an illuetration 

of the composition of two rotations imparted to a body. As 

usually cooatmcted, it consists of a heavy wheel G H (Fig. 133), 

accurately halanced on 

the axis a h, which runs ^f'='- '^^■ 

with as little Motion as 

possible upon pivots in 

a metallic ring. In the ' 

direction of the axis, 

there ia a projection B 

fi-om the ring, having a 

socket sunk into it on 

the under side, so tliat it 

may rest on ^e pointed 

standard, S, without 

danger of sKpping off. 
The ■wheel is made 

to rotate swiftly by draw- 
ing off a cord wound 

npon a b, and then the 

socket in B is placed on 
the standard, and the whole lett to its(,it Immediately, mstead 
of falling, the ring and wheel commence i slow le^olntlon in a 
horizontal plane around the standaid, the point A following the 
circnmference .^1 ^ ^, in a direction contrary to the motion of the 
top of the wheeL 

This revolution ia explained by applying the principle of com- 
position of rotations given in the preceding ai'ticle. The particles 
of the wheel are rotating about the horizontal axis a 5 by the force 
imparted by the string. The force of gravity tends to make it 
fall, that is, to revolve in a vertical circle aronnd the axis C D at 
right angles to a 5. Hence, in a moment after dropping the ring, 
the system will be found revolving on an axis which lies in the 
direction S B, betwpen A B and C D, the other two axes. Noiv, 
gravity bears it down around a new axis pei-pendicular to E B, 
Therefore, as before, it changes to still another axis FB, and thus 
continues to go round in a horizontal circle. 

The only way possible for it to rotate on an axis in a new posi- 
tion, is to tui'n its present axis o^ rotation into that position. 
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Hence, the whole instrument turns about, in order that its axis 
mayfealie these, successiye positions. 

The change of axis is seen also hj ohserving the resultant of 
the motions of the particles at the top and hottom of the wheel 
For example, G is moving swiftly in the direction m by the rota- 
tion around « S ; by gravity it tends to move slowly in the line r, 
tangent to a vertical circle about the centre B. The resultant is . 
in the line n, tangent to tlie wheel when its axis a h has taken the 
new position E B. 

The eenti-e of gravity of the ring and wheel tends to remain at 
rest, while the resultant of the two rotations carries around it all 
other pai'ts, standard included, in horizontal circles. But the 
standard by its inertia and friction resists this effort, and the reac- 
tion causes the ring and wheel to go around the standard. 



CHAPTER IX. 

STRENGTH OP MATEKIALS. 

187. Longitudinal Strength.— 6';re?i(?//i is the power to resist 
fracture; stress, the power to produce fracture. When a force is 
apphed to a bar or rod, to pull it asunder, its strength, called in 
this case longitudinal strength, is proportional to the area of its 
cross-section. Each line of particles in the direction of the length 
of the bar has its separate strength, and the whole strength there- 
fore depends on their number, that is, on the area of the cross- 
section. Tho/orm of the cross-section is immaterial. 

188. Lateral Strength, Support at Each End.— When a 
beam tests horizontally, supported at both ends, and pressed by a 
weight at the centre, its strmgih.at that point varies as the area 
of the cross-section, multiplied iy the depth of the centre of gravity. 

Let A B D (¥\g, 134} represent a longitudinal section of a 






prismatic beam and Eh dl & section of any form whatever, at 
right angles to the axis of the beam. Let G be the centre of 
gravity of the cross-section, and g h, h I, in n, &e., the width of 
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horizontal laminie of the heam. Suppose this beam to be sup- 
ported at its two ends, and that on the middle of it at E tliere ia 
placed -A weight, W. From E draw E d perpendicular to the 
horizon, and cutting the several laminfe in the points «, i, o, d, &c. 

The pi-esanre of the weight W tends to produce a fracture in 
the beam, beginning at d, and passing through the lamina in 
succession until it arrives at E. 

The tendency of the beam to resist fracture depends partly 
upon the cohesion of its corresponding particles, and partly upon 
the distance from E at which the force of cohesion acte, E may 
then be considered as the centre of motion of a lever, at the ex- 
tremities of whose arms ^ if, £c, Eh, B(^,&c., this force is applied. 
Let s = the cohesive force of one line of particles, then s x g7t 
will represent the strength of the lamina whose width is g 7i, 
and s y. gh x Ea will represent the power of this lamina to 
resist fracture ; bonce the whole power of the beam to resist frac- 
ture wiU be 

s{gli -A Ea-\-hl X Eh ■{- mn x Eg + &c.) 
Put A = the area of the cross-section and G = the depth of 
the centre of graiaty below E; then (Art 78) 

^ ghxEa + lclxEi + mnxEc+&c. 
G = ■ ^ ^— --^ . 

or-1 .G=:gh x Ea + kl x Eh + mn x Ec + &c., and hence 
the strength of the beam is equal to s . A . O <x A . G. 



4-4-? 



189. Special Csses. — This proposition is general, and ap- 
plies to a number of distinct cases. In cylindrical and square 
beams, since the area of the section varies as the square of its 
depth, and the distance of the centre of gravity from the point E 
varies as the dppth. their strength is as the cube of the depth. In 
beams whose cross-section is a rect- 
angle (Tig- 135), the strength varies as 
the breadth and square of the depth ; 
for here the area being as the product 
of the two sides, and the distance of 
the centre of gravity from E being 
equal to half the vertical side, 
and therefore proportioned to that 
side, the proposition is, that the 
strength varies as the breadth x depth 

X depth, or as the breadth into the square of the depth. Hence, 
the same beam with its narrow side upward, ia as much stronger 
fhan with its broad side upward, as the depth exceeds the breadth. 
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Tor the area being the same ia "both cases, tlie strengths are pro- 
povtior,ed to E G and E g, or ssABloAO. Thus if a joist be 
10 inches broad aaid 2^ thick, it will bear four times as much 
weight wlien laid on its edge as when laid on its side. Hence the 
modern mode of flooring with thin bat deep pieces of timber. 

Again, a triangular beam is twice as strong when resting on a 
side, as when resting on an edge. For, the area being the same in 
both eases, the strength 

varies b.8 E G ani E g ^ ^«^' ^f"- 

(Pig, 136), which are as 
S to 1 {Art. 72). Theae 
principles apply not only 
to beams, biit to bare, and 
similaT forms of eyery eori 
of matter. 

ISO. Stress from the We'^ht of the Beam.— The stress 
arising fi'om the weight of a beam varies as the product of iha 
length and weight. IJet L = length, and IK — weight of the whole 
beam, w = weight of the 
portion A (Fig. 137). ^^" ^""- 

The preasui'e on each i j I I 

prop is ^ W; this, there- -^i— — -4 „ ^ 

fore is the force acting at 

A which tends to fractnre the beam at C with an energy expressed 

hjiW X AO. 

B"ow suppose the portion O B to be held firmly in solid ma- 
eoniy, and a force = ^ TF to act upward at A, and another = w at 
the middle of A C to act downward, the tendency to produce frac- 
tnre will be the same as before, and hence the stress at G will be 
iW X A C-wxi A G=.-is{W-w) A C. But A B : A C-.t W: w; 

whence w = -^-^ W; so that the expression for the stress will be 



~ AB 



i[w~^w)AG = i,W 



'A B- A G> 



AC=j^W 



AG.BG 



A B r ^ AB ' 

A B being constant, the stress at any point C varies as the rectan- 
gle of the two lines A C and B C, and is greatest when AC = B G, 
or when G is at the middle of the beam, where the stress is 

'" AB ^ L ' 
If, therefore, Tfe use the term relative strmglh to denote the ratio 
of the strength to the stress, ajid represent this ratio by S, we 
shad have 

A. g 



: W. 



S« 



L . W 
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If beams are similar, tlien the above ratio is inversely ns any 
oiie of their three dimensions. Being similar, their length, bi-eadth, 
and thickness are propoHional. Let I) represent any one of these 
three dimejisions. Then, 

Since A rj^ ff and G ck D, 

4.Gcc D^; also, L'^ D, and W <x i>'; 

Hence the relative strength of large Btructnres is less than that 
of smaller similar ones. If a model is three feet long, and the 
sti'ucture 75 feet long, then the structure is 35 times weaker rela- 
tively than the model. 

191. Additional Weisht at tks Centre.— If a weight W 
is uniformly distributed through a beam whose length is L, the 
stress arising &om the iveight is (Art. 190) ^ L . W. If the same 
weight is placed at the middle of the beam, the sb-ess is h L.-^W 
~ ^ L W; hence, if a weight is placed at the middle point, the 
stress is twice as great as when distributed uniformly through tlie 
beam. 

If IF is the weight of the beam, and a weight ^¥' is placed at 
tlie middle, then, from what has just been shown, the relative 
strength will be 

A.G A.G 



S = 



lL{i w + w) i(i w+wy 



If the beam is small compared ivith the weight laid upon it, 
then 

'^ L. W 

In order that the foregoing general formulsE may he applied to 
practice, so as to find the actual strength of bai's or beams, it ia 
necossaiy to have some standard of sti'ength ascertained by experi- 
ment, which may be employed as the unit of compiirison. Por 
example, it is found by experiment that a stick of oak, one foot 
long and one inch square, is able, when supported at both ends, to 
sustain a weight of 600 pounds ; and that a bar of iron of the same 
dimensions would sustain, in the same circumstances, 3190 poiinds, 
The oak weighs half a pound, and the iron three pounds. With 
these data applied to the foregoing formulre, we may solve such 
problems as the following: 

1, What weight can be sristained at the middle point of a pris- 
matic beam of oak, whose length ia 6 feet, and its end 4 inches 
square 1 
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If the weight of the bar is left oat of account, 
A. Q _ r. ^ 

L.W'~1 .600' 
But these expressions are to be equal at the moment of rupture of 
both beams, since at that moment they have the same relative 
strength ; 

■■•» = ITT'- •••"" = «»"==■ -*"■ 

If the weight of the beams be considered, then 

Y:^frmr<mTrr ■■■'''' = ''''''''''■ 

In this example, the weight of the large beam is known to be 
48 lbs., from the given dimensions and weight of the small one. 

3, What must be the depth of a beam in the form of a rectan- 
gular prism, whose breadth is 3 inches and length 8 feet, to sup- 
port a weight of 6400 pounds, its own weight not being taken into 
consideration ? 

3. What weight can be supported at the middle point of a bar 
of iron 10 feet long, and the side of ivhose square end is 3 inches, 
its own weight not being taken into consideration ? 

Ans. 6913 pounds. 

192, Additional Weight, at Any Point — The stress pro- 
duced by a weight, at any point, is as the product of tlie two dis- 
tances from the ends. In Fig. 138, ac- 
cording to the theorems for parallel Fia, 13S, 

forces, pressure at ^^i^l-i^. and " " 

, p Wy. AC ^ .., 
sx, B = 7-^ — ■. Uat tiie re- 



action of either point of support is equal ** ^^' 

to the pressure on that point; and this force acts a,t G with a 
A G on one side, and B C on the other, so that the stress 



at C = ^-i-^ xAC,oT ^-^ X B 0, either of which 
AB A B 

expressions = stress at C, and <x A x B C. And since this 

rectangle is greatest when A C ™ OB, and diminishes as these 

lines become more and more unequal in length, so the tendency 

of a horizontal bar to break is greatest in the middle, and decreases 

toward the points of support 

193. Form fcr Eqnal Strength,— Hence a beam, in order 

to be equiilly strong throughout, mast bo tiiiekcst in the middle ; 
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and if the sides of sucli a beam are parallel planes, tlie figure of the 
beam must be dliptical. 

For let the curve A P D M {Fig. 139), whoso axis is A D, rep- 
resent a longitudioal leet on 
and let a = the thiol nebS or 
breadth of the beam ; tben a 
section of the beam pe pen 
dicular to the axis at ai y p nt 
G will be a rectangle \ 1 os . 
breadth is a, depth P M &. (1. 

the depth of its centre of g ht ty I P If Hence tl e ten 1 ncj of 
the beam to resist fiact re at ai y p it 6 is is a P M hut 
the dress at(7i3as^ (7x G D; therefore 

a X P J/' P M" 

the relative strength at G « — p--pj^ ^ ~7-p — 7771 ; 

hence, iS P M' x A C x CZ>,.the streugth will be the same at 
every point: but in this case the curve A P D M is an ellipse, 
whose major and minor axes are 4 Z* and PIC 

Therefore, in the use of horizontal rectangular timbers in 
building, much of the timber is useless, tliough it would only be a 
waste of labor to remove the redundant parts. But 11011 beams 
are often made of curved forms, which combine strength with 
hghtness and economy of material. The convex form his somt 
times been adopted in the iron bars for railroad tiacks, ia shown 
in Fig 140 



194. Lateral Strength, Support at Ona End. — Wlien a 
prismatic beam is secured firmly in 
a wall at one end, the same general *_ 

statements hold true as ui lelati u PW 

to beams supported at both ends ^^V I1 111^ 

1. The strength vanee as the M c W fi 

area of the cross-sectton mtiUiphid ]""' " ' ' n 

by the height of the centieofgimity i — 

\^iAB E F,alef{Ei% Ul), 
i-epresent the longitudinal sections >. . , ... 

of two prismatic beams fixed hon- j ~d liHi 

zontally into the wall H K L IF, K^Sil 

then the tendency of these beams to ^^ 

resist fracture at the ends E F, e f, ^ 



:yGoogle 



123 



JIECHANICS. 



where they are inserted into the wallj will be measured hy the area 
of Hie erossssction into tlie height of its centre of gravity ; for in 
thia case the fracture -will begin at tiie upper points F, f, and end 
at the lower points E, e ; that is, strength cc A . Q. 

But the tendency to produce fracture will be tlie weight of the 
beams, acting at the distance of their centi-es of gravity from tlie 
ends i? F, ef. Hence, 

L. W 
S. If an additional weight lies on tlie end of the heam, then 



3. If b( 



e similar, Sx jr-. 



If any other cross-section be taken, bs G D, and W -represent 
the weight from it to the end A B, then, by the same course of 

reasoning as before, the relative strength a,tG D(= S) cc -■ ' - . 

If W represent a weight at the end, the strength to support 

W, at any section D, is as -p ,,' „,, ; and if W is constant, 



AC. W" 



A.G 
A G' 



195 Forms of EqiiPl Stieigth at Every Se; 

1. Abeam suppoi ted at en end and, having thL 
wedge \\hose tnangulai sides aie 
parallel to the hoiizon his equil ^"^"^ ^*'' 

strength -it evi^iy section ioi sup 
porting a weight at the extiemity 
Let thi, wedge in!Pig 143 have the 
unifoim depth d then C = -^ d 
and tlie ar a of the section at G is 
ED.d A G = i E D d~a- 
E E <x A i hence the lelatn e 



ition,— 
tjini < 



i C 



it 1 



eonst<int 

3. A beam whose veiticil sid a 
are parallel and whose longitudmal 
section parallel to the sides is a 
semi-parabola, has equal strength at 
every section. In Fig. 143, let d = 
the uniform thickness ; then A = d 
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A' {)•■■ 



Sac j-^fy:, which is constant, 



196. Prismatic Beams Breakii^ by their own Weight. — 

Suppose beatna of prismatic or cjlindiical form to have similar 
cross-sections, oiio dimension of which is D, and to be supported 

lit both ends, or only at ono end : then S oc -p-r-,— ^ ttttt cc 

' ■' ' L {h W -r If' ') 

T , ■ ., -r^-^r7r:~- This Tariatioii, thrown into the form of a full 
i (^ W 4- W) 

proportion, becomes S: s:: r /i ir- . hm, '■ it, r—R- ^^ir '^^■ 

ample, let the beams he cylinders, whose lengths are X, /; their 
diameters, D, d; weights, W, w, while IF', w', are additional 
weights laid on their middle points, or the unsupported ends. 
Then the above proportion gives their relative strength. Now 
let the second beam have no weight laid upon it; tliat is, let 

w* = 0; then S : s : : r7TW-ri^7^ = rf-- i^ <i = I>, S : s :: 




^bh, when the diameters are equal, and the second beam 
is not loaded. If their lengths and weights become such as 

to cause the beams to breali, then,, since S = a, .-. y ., .„ ry i7 

= .^^; .-. r = -^-^ ^,and I = L [—^ )-; which 

gives the length of a beam that breaks by its own weight. 

Let the prismatic or cylindrical beams be similar to each 

other; then D' : ^ : : L' : I' ; .: 8 : s : : -—E.-— -. -^. But 

the weights of similar solids of the same density are as the cubes 

W ? 
of their homologons dimensions ; .: tv : W : : f : L" ; .: w = -- ^, - ; 

hence, by substitution, S : s:: Vwjl 'nn '■ 'Wl' "^^'^ when the 

beams break, since S = s, therefore , „, ,,„ = ■===—^; .: ?, 1^+ W 
iW +■ W IV. I -^ 



If, therefore, a cylindrical beam 
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whose length is L breaks with the given weight IF' placet! i-ipoii 

it, a similar cylindrical beam whose length is - — ^^ — ;=?. ^^ will 

break with its own weight. 

The same reasoning is applicable to a beam of any prismatic 
fom(,. whatever the shape of tlie cross-section. 

197. Comparison of Be^ms Supported at One End 
and at Both Bnds. — If a horizontal beam be supported at both 
ends, the sti'ess prodneed by its own weight, TF, is mensured by 
lLv,W (Ai-i 100). 

If the beam be supported at oree mid only, the stress is measured 
by tl 1 1 ^\ 'gl t Pi !' d at the centre of gravity, and coiiae- 
qu tlytl t ^ L W. 

Tl f be m j i orted at both ends has.foiu- times tlie 
rel tl t n tl f tl ame beam supported only at one end. 
An 1 f t n b u pp9rted at one end breaks by its own 

we ht beam t th ame dimensions twice as long will break 
by its own weight when resting on two supports. 

If, however, instead of the weight of the beam itself, this is left 
out of the aocount, and a weight W be added, then the sti-ess on 
the beam when supported at one mid will be measured by i x I'F '; 
while, in the case of the beam supported at TioUi ends, the weight 
being at the middle point of the beam, the stress is measured aa 
before, by J i x If (Art. 191), Therefore, a weight placed at the 
end of a beam supported only at one end produces four times the 
stress aa the same weight placed at the middle of the beam when 
1 at both ends. 



1. What must be the length of a beam of oak one inch square, 
supported at both ends, which is just capable of bearing its own 
weight? 

By Art. 191, a beam of oalc 1 foot long and 1 inch square, 
weighing J pound, just supports 600 pounds. And by Art. 196, 

the expression / = L [ ^ 1 denotes that when a beam 

whose length is L breaks when W is phiced upon it, I is the length 
of a beam that will break with its own weight ; consequently, since 

here L ^ 1, W = I, and W = 600, I = (^^^j^) = (2*01)^^ 
= 49 feet. 

3. Tavo beams are of equal length and weight the fiist being 
a square prism whose section is 4 inches sqinr tl c second a rect- 
angular prism, 8 by 2 inches; how much tioi j, i is 11 second 
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beam than the first, and how much stronger when laid on the nar- 
row thaa on the broad side? (Art. 189.) 

Am. The second heam is tivice as strong as the first, and 
four times as strong when laid on tlie narrow as 
on the broad side. 

198. Structures Relatively Weaker as they are 
Larger.— The fortgoing articles explain the observed fact that the 
relative strength of every kind of structure becomes loss as its size 
is increased. For, the absolute strength inci'eaaes as the square 
of one of the dimensions, while the weight increasee aa t!ie cube of 
the same. A model, therefore, has far gi-eater relative stiength 
than the huilding copied from it ; and in respect to every kind of 
structure, there are limits of magnitude which cannot be exceeded. 

The same fact is observed in the animal and vegetable world. 
Eelatively to size, insects are very much stronger than large ani- 
mals, and shrubs stronger than trees. 

199. Strength of Solid and Hollow Cylinders.— If a 
solid and a hollow cylinder, of equal length, have the same quan- 
tity of matter, so that the area of their cross-sections shall ho 
equal, then their strength will be in the ratio of the distances' of 
their centi-es of gravity from the upper surfaces. But the centres 
of gravity being at the centres of the cross-sections, it follows that 
the strength of the solid cylinder will he less than that of the hol- 
low cylinder in the ratio of the diameter of the former to that of 
the latter. 

It appears, therefore, that the strength of a tvhs is always 
greater than the strength of the same quantity of matter made 
into a solid rod of the same length; and leaving out of view the 
diminished rigidity, there wonld seem to be no limit to the strength 
which might be given to such a cylinder by increasing its diameter. 

Many illusti-ations are found in natui'e, such as the hones of 
animals, the quills of birds' feathers, tlie straw of grain, and the 
tubular stalks of some larger plants. 

An interesting application of the principle has been made in 
modern times in the construction of iron tubular bridges. 



20O, MISCELLANEOUS PROBLEMS IN MECHANICS. 

1. Two forces, P and F', acting in the diagonals of a parallelo- 
gram, keep it at rest in such a position that one of its edges is 
horizontal ; show that F sec a' = F" sec a =W cosec (a + a'), 
where W is the weight of the parallelogram, and a and a' the 
angles between the diagonals and tlie horizontal side. 
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3. Four ptirallel forces act at the aiiale-^ f i ^hup r[iiu,ln 
lateral, and are inversely proportional to the SLgments ot itb diag 
onala nearest to them ; show that the point of apphcation of then 
resultant lies at the intersection of the diagonals 

3. Find the centre of gravity of four equal he'i^y piiticles 
placed at the four angular points of a triangukr pjrimid. 

i. Five pieces of a uniform chain are hung at eqmdistint pomta 
along a rigid rod without weight, and then loivei endb are in a 
straight line passing through one end of the rod; hnd the centre 
of gravity of the system. 

5. A right square pyramid, whose height is 8 feet, and the 
edge of its base 1 foot, is tipped on one edge till it is ou the point 
of falling ; what angle does its axis make with the horizon ? 

6. If three uniform rods be rigidly united so as to fonn half of 
a regular hexagon, prove that if suspended from one of the angles, 
one of the rcde will be horizontah 

1'. A cone of uniform density, whose slant height is 15 inches, 
is suspended by the edge of its base, when its axis is found to in- 
cline 13° to the horizon ; required the othei' dimensions of tlie 
cone. 

8. If jI i? C be an isosceles triangle, having a right angle at C, 
and if D and E he the middle points of A C and A B, resjieefc- 
ively, prove that a perpendicular from J? upon B D will pass 
through the centre of gravity of the triangle B D G. 

9. An oblique cylinder, inclining 63A° to tlie horizon, having 
slant height = 14 inches, and the diameter of the base = 6i 
inches, has a ball of the same material hung npon its edge, which 
just upsets it; required the diameter of the ball. 

10. A body, the lower sui-fhce of which is spherical, rests upon 
a horizontal plane ; find in what case the equilibrium is stable, and 
in what ease unstable. 

11. A smooth circular ring rests on two pins projecting from a 
wall, and the pins are not in tlie same horizontal plane; find the 
pressure on each pin. 

12. A given isosceles triangle is inscribed in a circle; find the 
centre of gravity of the remaining area of the circle. 

13. A homogeneous hemisphere rests with its convex surface 
on a horizontal plane ; at what points of the circumference of the 
plane base of the hemisphere must three weights of 10, 15, and 30 
lbs. be suspended, in order that its position be not changed? 

14. Two smooth cylinders of equal radii jnst fit in between two 
parallel vertical walls, and rest on a smooth horizontal plane, with- 
out pressing against the walls ; if a third equal cyhnder be placed 
on the top of them, find the resulting pressure against either 
wall. 
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15. A cylinder, auspendsd by a point on the side, inclines 40° 
to the horizon ; the point is moved 3 feet lengthwise on Uie side, 
and then the cylinder inclines 34° to the horizon, with the other 
jnd down ; find the point of anspension, tliat the cylinder may 
hang horizontal, 

16. A flat semicircular hoai-d, with its plane vertical, and curved 
3dge upward, rests on a smooth horizontal pl-ine, and is pressed at 
two given points of its circumference by two heavy rods, which 
slide freely in vertical guides ; find the ratio of the weights of the 
rods, that the board may be in equilibrium. 

I'!. The radii of a wheel and axle are 13 inches and 3 inches ; 
the power is 30 lbs., the weight 100 lbs. : as the power in this ease 
preponderates, required how many degrees from the bottom of the 
wiieel the end of the rope is when the forces ai'e in eqnilibrinm. 

18. A frustum is cat from a right cone by a plane bisecting the 
axis, and parallel to the base; show that it will rest with its slant 
side on a horizontal plane, if the height of the cone have to the 
diameter of its base a greater ratio tlian V7 to VT?. 

19. Explain the action of an oar, when used in rowing, and 
determine the effect produced, having given the distances from 
the hands to the side of the boat, and from the side of the boat to 
the point where the oar may be considered as acting on the ivater. 

30. A iinifoim wheel, free to revolve on its axis, has the weights, 
31 lbs. and 13 lbs., attached to the circumference, 100° apart; how 
far from the bottom wiU the weights be, respectively, when the 
system is in equilibrium? 

31. Two equal rods, without weight, are connected at their 
middle points by a pin, which allows free motion in a vertical 
plane ; they stand upon a horizontal plane, and their upper ex- 
tremities are connected by a thread, which eaiTies a weight 
Show that the weight will rest half way between the pin and the 
horizontal tine joining the upper ends of the rods. 

33. A uniform heavy rod, of given length, is to be supported in 
a given position, with its upper end resting against a smooth ver- 
tical wall, by a string fastened to its lower end ; find tlie point in 
the wall to which the string must be attached. 

33. A light cord, with one end attached to a fixed point, passes 
over a pulley in the same horizontal plane with the fixed point, 
and supports a weight hanging freely at its other end. A Iieavj 
ring being put npon the cord in different places between the fixed 
point and the pulley, it is required to show that, if the weight of 
the ring be small compared with the other weight, the positionf 
of the ring, when in equiUbrium, will be approximately in the aix 
of a circle. 

24, If particles of unequal weight be placed in the anguk; 
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points of a triangular pyramid, and G be their common centre of 
gravity, (?', G", G'", &o., be the common centres of gravity for 
every possible arrangement of the particles ; shoir that the centre 
of gravity of equal particles, placed at G, G', G", &c., is the centre 
of gravity of the pyramid. 

35, Two equal circular disks with smooth edges, placed on 
their flat eidea in the comer between two smooth vertical planes, 
inclined to each other at a given angle, touch each other in the 
line bisecting that angle; find the radius of the least disk that 
may be pressed between them without causing them to separate. 

36. A ladder of uniform weight throughout, 36 feet long, 
weighs 72 lbs., and leans against a vertical wall, making an angle 
of 66° 40' with the horizon ; a man, weighing 130 lbs., ascends 30 
feet'on tlie ladder; required the amount of pressure against the 
wall. 

37- Where is the centre of gravity of the area included between 
two circles tangent to each other iutem'ally ? 
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CHAPTER I. 

LIQUIDS AT REST. 

201. Liquids Distinguished from Solias and Gases. — 

A fluid is a aubstauee whose particles are moved among each other 
by a Tery slight force. In solid bodies the particles ai-e held by 
the force of cohesion in fixed relations to each other ; hence such 
bodies retain their form in spite of gi'avity or other small forces 
exerted upon them. If a solid he reduced to the finest powder, 
still each grain of the powder ia a solid body, and its atoms are 
held together in a determinate shape. A pulverized solid, if piled 
up, will settle by the force of gravity to a certain inclination, ac- 
cording to the smalluess and smoothness of its particles, while a 
liquid will not rest till its siirface is horizontal. 

Fluids are of two kinds, liquids and gases. In a liquid, there 
is a perceptible cohesion among its particles ; but in a gas, the 
particles mutually repel each other. These fluids are also distin- 
gaished by the fact that liquids cannot be compressed except in a 
vary slight degree, while tlie gases are very compressible. A force 
of 15 pounds on a square inch, applied to a mass of water, will 
compress it only about .000046 of its volume, as is shown by an 
instrument devised by Oersted. But the same force applied to a 
quantity of air of the usual density at the earth's surface will re- 
duce it to one-half of its former volume. 

202. Transmitted Pressure.— It is an observed property of 
flnids that a force which is applied to one 
part is transmitted undivided to all parts. 
For instance, if a piston A (Fig. 143) is 
pressed upon the -water in the vessel ADO 
Tvith a force of one pound, every other pis- 
ton of the same size, as B, C, D, or E, re- 
ceives a pressure of one pound in addition 
to the previous pressure of the water itself. 
Hence the whole amount of bursting press- 
ure exerted within the vessel by the weight 



Fig. 143. 
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upon 1 i_fiuih I'j mmy pounds as there are portions of surface 
equal to the ii loi A And li the pressure is increased till the 
Yessel bnists, the tiactare is ns hkelj to occur in some otlier part 
as iu tbit i^o^aid ^hich the force is directed. 

203 The Hydraulic Press — An important application of 
the piinciple of tianimitted pies'suie occurs in Braniah's hydraulic 
press, lepiesenttl m Fig Hi THl walls of the cylinder and res- 



^Ti^ 






-.'-J« 



\\%-: 




-/ 



r are partly removed, to show the interior. ^ is a small 
T pnmp, worked hy the lever M, by which water is raised in 
the pipe a from the reservoir E, and driven through the tube K 
into the cylinder B, where it presses up the piston P, and the iron 
plate on the top of it, against the substance above. At each down- 
ward stroke of the small piston p, a quantity of water is ti'ansferred 
to the cylinder B, and presses up the large piston with a force as 
many times greater than that exei-ted on the small one as the 
under surfsice of P is greater than that of f (Art. 302). If the 
diamet^?r of p is one inch, and that of P is Un inches, then any 
pressure <m.p exerts a pressure 100 times as great on P. The lever 
J/ gives an additional advantage. If the distances from the ful- 
crum to the rod p and to the hand are as 1 : 5, this ratio com- 
pounded with the other, 1 ; 100, gives the ratio of power .at M to 
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ihe pressure si Q asl : 500; so that a power of 100 lbs, exerts a 
pressure of 50000 Iba. 

This machine has the special advantage of worliing witli a 
small amount of friction. It is used for pressing paper and books, 
packing cotton, hay, &c.; also for testing the strength of cables 
and st^am-hoilers. It has been sdmetimes employed to raise great 
weights, as, for instance, the tabular bridge over the Menai sti-aits ; 
the two portions, after being constructed at the water level, were 
raised more than 100 feet to the top of the piers, by two hydi-aulio 
presses. The weight of each length lifted at once was more than 
1800 tons. 

The relation of power to weight in the hydraulic press is in 
accordance with the principle of yii-tnal velocities (Art. 142). For, 
while a given quantity of water is transferred from the smal'er to 
the larger cylinder, the velocity of the large piston is as much less 
than that of the small one as its area is greater. But we have seen 
that the pressures are directly as the ai-eas. Therefore, in this as 
in other machines, the intensities of the forces are inversely as 
their virtual velocities, 

204 Equilibrium of a Fluid. — In order that a fluid may 
be at rest, 

1. The pressures at any one point must ie equal in all direc- 
tions. 

%. The surface must is perpendiciilar to the resultant of the 
forces which act upon it. 

Both of these conditions result from the mobility of the par- 
ticles. It is obvious that the first must be true, since, if any 
particle were pressed more in one dirpction than another, it would 
move in the direction of the gi-eater foree, and thei-efore not be at 
rest, as supposed. 

In order to show the truth of the second condition, let m ^ 
(Pig. 145) represent the resultant of 
the forces which act on the fluid. Then, 
if the surface is not perpendicular to 
m p, that force may be resolved into 
m q perpendicular to the surface, and 
m / parallel to it. The latter, m /, not 
being opposed, the particles move in 
that direction. 

As gravity is the principal force which acts on all the particles, 
the surface of a fluid at rest is ordinarily level, that is, perpendicu- 
lar to a vertical or plumb line. If the surfece is of small extent, 
it is sensibly a plane, though it is really curved, because the verti- 
cal lines, to which it is perpendicular, converge toward the centre 
of the earth. 
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205. The Curvature of a Liquid Surface.— Tlie earth 
being 7913 miles in diameter, a distance of 100 feet on its surface 
subtends an angle of about one second at the centre, and therefore 
the levels of two places 100 feet apai-t are inclined one second to 
each other. 

The amount of depression for moderate distances is found by 
the formula, ^ = | _£', in which d is the de- 
pression in feet, and L the length of arc in 
miles. Let -C J? (Kg. 146) be a small are of 
a great circle on the earth; then C^ is the 
depression. KaB E is small, its choi'd may 
be considered equal to the arc, and B Q equal 
to the depression. But B G -.BE:: BE: 



rio. 14S. 



In order to express d in feet, while the other 
lines ai« in miles, we have 




"^ 7912 X 5380 



7912 



- — I i", very nearly. 



This gives, for one mile, i^ = 8 inches; for two miles, d = % 
ft. 8 in. ; and for 100 miles, d = 666'i' ft., &c. If a canal is 100 
miles long, each end is more than a mile below the tangent to the 
surface of the water at the other end, 

206. The Spirit Level— Since the airface of a hquid at 
rest is level, any straight Hne which is placed parallel to such a 
surface ia also level. Leveling instruments are constructed on 
this principle. The most accurate kind is the one called the 
sptrit level.' Ifa most essential ^^^ j^ij 

part is a glass tube, A B (Fig. ^ — -^ 
147), neai-ly filled with alcohol ^' ' ^■^^*^' 

(because water would be hable to ti-eeze), and hermetically sealed. 
The tube having a little convexity upward from end to end, 
though BO slight as. not to be visible, the bubble of air moves to 
the highest part, and changes its place by the least inclination uf 
the tube. The tube is so connected with a straight bar of wood 



■ fji mcu purpo'-es with i tLlcsCope, 
Fio ll'< 



or metal, as. D C (Fig. 148), c 

that the bubble is at the 

middle M when the bar 

or the axis of the tele- ^ 

scope is exactly level. 

The tube usually has 

graduation linos upon it — '" 

for adjusting the bubble accuiately to the middle. 
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207. Pressure as Depth. — From the principle of equal 
transmission of force in a iluid, it follows that, if a liquid is uni- 
formly dense, its pressure on a given area varies as the perpenr 
dicular depth, -whatever the form or size of the reservoir. Let the 
vessel AB GD (Fig. 149), having the form of a right prism, ha 
filled with water, and imagine the water to he divided by horizon- 
tal planes into strata of equal thickness. If the density is every- 
where the same, the weights of these strata are equal. But the 
pressure on each stratum is the sum of the weights of all the 
strata above it. Therefore, in this case, the pressure varies as the 
depth. 

Fro. 14!). Fig. l.W 5<"ig. 151. 





But let the reservoir AB E H (Fig, 150) contain water which 
is not directly beneath the highest part. The pre^ui-es in the 
column AB C D are transmitted laterally to E R, however fiir 
distant; so that the eur&ce of each horizontal stratum sustains 
equal pressures in all parts, whether directly beneath A B ox not 
Henee, it Q His equal to Ci>, the downward pressure onO H is 
equal to the weight ofABOD; so, also, the upward pressure on 
^ J^ is equal to the weight o{ A B L M, and would just sustain 
the column of water E F N P. 

Again, if the base is smaller than the top. as in the vessel 
A B E F (Fig. 151), then the pressure ou E F equals only the 
weight of the column G D E F. The water in the surrounding 
space it C£^, B D F, simply serves as a vertical w all to balance 
thu lateral pressures of the central column. 

If the surface pressed upon is obhque or vertical, then the 
points of it are at unequal depths ; in this case, the depth of the 
area is xinderatood to be the average depth of all its parts ; that 
is, the depth of its centre of gravity. 

If the fluid were compressible, the lower strata would be more 
dense than the upper ones, and therefore the pressure would in- 
crease at a faster rats than the depth. 

208. Amount of Pressure in Water,~One cubic foot of 
water weighs 1000 ounces, or 63.5 pounds. Therefore, the pressure 
oil 01W square foot, at the depth of one foot, is 02.5 pounds. From 
this, as the unit of hydrostatic pressure, it is easy to determine the 
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been known to be 
Fie. lOS. 



pressures on all sviifaoes, at all depths ; for it is ob"vious that, when 
the depth ia the same, the pressure vaiies as tho surface pressed 
upon; and it has been shown that, on s, given surface, the press- 
ore varies as the depth of its centre of gravity ; it therefore varies 
83 the product of the two. Let p — pressure ; a = area pressed 
upon; and d = the depth of its centre of gravity j then 
p=:adK 63.5. 

Depth. Pounds per 6q. ft. Depth. Pounds per sq. ft. 

I ft 62.S I looft 6,250 

10 625 r mile 33o.ooi> 

16 loOQ I 5 miles 1,650,000 

From tho above tabic it may be inferred that the pressure on 
a squall foot in the deepest parts of the ocean must bo not far 
from two millions of pounds; for the depth in some places is 
more than five miles, and sea-water weighs 64.37 pounds, instead 
of 63.5 pounds. A brass vessel full of air, containing only a pint, 
end whose walla were one inch thick, 
crushed in by this great pressure, when 
sunk to the bottom of the ocean. 

Owing to the increase of pressure 
■with depth, there is great difficulty in 
confining a high column of water by 
artificial stnictui'es. The strength of 
banks, dams, flood-gates, and aqneduct 
pipes, must increase in the same ratio 
as the pei'pendimOar depth from the sar- 
face of the water, without regard to its 
horizontal extent. 

209. Column of Water whose 
Weight Equals the Pressure. — A 
convenient mode of conceiving readily 
of the amount of pressure on an area, 
in any given circumstances, is this; 
consider the area pressed upon to form 
the horizontal base of a hollow prism ; 
let the height of the prism equal the 
average depth of the area; and then 
suppose it filled with water. The weight 
of this column of water is equal to the 
pressure. For the contents of theprism 
(whose base = a, and its height = d), 
~ ad; and the weight of the same = 
a d 'A 62.5 lbs. ; which is the same e^i- 
pression as was obtained above for the 
pressure. 
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On the bottom of a cubical vessel full of water, the presaiire 
equals the weight of tlie water; on each side of tlie same the 
pressure is one-half tlie weight of the water ; hence, on all the five 
sides the pressure is three times the weight of the water; and- if 
the top were closed, on which tlie pressure is zero, the pressiire on 
the six aides is the same, three times the weight of the water. 

210. Illustrations of Hydrostatic Pressure.— A vessel 
may be formed so that both its base and height shidl be great, but 
its cubical contents small ; in which case, a great pressure ia pro- 
duced by a small quantity of water. Tlie hydrostatic bellows is 
an example. In Fig. 152, the weight wliich can be sustained on 
the lid D Ihy the column ^ Z> is equal to that of a prism or cyl- 
inder of water, whose base is D I, and its heiglit D A. It is im- 
material how shallow is the stratum of water on the base, or how 
slender the tube A D, if greater than a capillary size. 

In like mainncr, a cask, after being filled, may be burst by an 
additional pint of water ; for, by screwing a long and slender pipe 
into the top of the cask, and filling it with water, the pressure is 
easily made greater than the sti'ength of the cask can beai-. 

211. Ths Same Level in Coimected Vessels.— In tubes 
or reservoirs wliich communiLat with cich otiiei, water will rest 
only when its surface is it the 
same level in them all If "^ atcr 
is poured into D (Fig 153) it 
will rise in the vertical tube B 
so as to stand at the same level 
as in D. For, the pressuie to 
ward the right on any cross sec 
tion E of the horizont*d pipi. 
m n equals the product ot itb 
area by its depth below D feo 
the pressure on the same section 
towards the left equals the pro 
duet of its area by its depth be 
low B, But these piessuies aro 
equal, since the liquid is at 
rest. Therefore B ia at equal depths below B and D ; in other 
words, B and D are on the same level The sime leasoning ap- 
plies to the iiTogular tubes i and ^ and to iny others, of what- 
ever form or size. 

Water conveyed in aquediuts or running, m n it ural channels 
in the earth, will rise juat as hitrh as the souice but no higher. - 

Artesian wells iUustntL the same tundency of witer to rise to 
its level in the different brauche of a tube When a deep boring 
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is made in the eaith, it may strilto a layer or channel of water 
which descends from elevated land, sometimes veiy distant. The 
pressure causes it to rise in the tnbe, and often throws it many 
feet abOTe the surface. Fig. 154 shows an ai-tesian well, throngh 
which is discharged the water that descends in the jwrons stratum 
K K, confined between the strata of clay A B and C D, 



Pig. 154. 



t 



^1} 



'A 



--...t,- 



212. Centre of Piessure — The centre of pressure of any 
surface immersed in ■niter is thit pomt fbioiigh which pi-^ses the 
resultant of all the piessnies on the suifacc It is the point 
therefore, at which a single forte most be applied m oidei to 
counterbalance all the piessnjes exeited on the snifa^,-' If the 
surface be a plane, and hoiizontal, the oentie of piessnie comcidLS 
with the centre of gravity, because the pressures are eqnal on every 
part of it, just as the force of gravity is. But if the plane surface 
mates an angle with the horizon, the centre of pi-essnre is lower 
than the centre of gi'a'vity, since tlie pressure increases with the 
depth. For example, if the vertical aide of a vessel full of water 
is rectangular, the centi-e is one-third of the distance from the 
middle of the base to the middle of the upper side. If triangular, 
with its bass horiaonial, the centre of pressure is one-fourth of the 
distance from the middle of the base to the "vertex. If triangular, 
with the top horizontal, the centre of pressure is Aw?/ way up on 
the bisecting line. 

[See Appendix for calculations of the place of the ceiitro of 
pressure.] 

213. The Loss of Weight in WKter.— Wlien a body is 
immersed in watei-, it suffera a pressure on every side, which is 
proportional to the depth. Opposite components of lateral press- 
ures, being exerted on surfaces at the same depth, balance each 
other; hnt this cannot be true of the vertical pressures, since the 
top and bottom of the body are at unequal depths. The upward 
pressure on the bottom exceeds the downward pressure on the top ; 
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and tliia ezcesa constitutes the huoyant potuer of a fluitl, wliich 
causes a loss of weight 

A body immersed in water loses imigJit equal to {he weif/ht of 
water displaced. 

For before "the body was immersed, the water occupying the 
same space was. exactly supported, being pressed upward more 
than downward by a force equal to its own weight The weight 
of the body, therefore, is diminished by this same difference of 
pressures, that is, by the weight of the displaced water. 

On the supposition of the complete incompressibility of water, 
this loss is the same at aU depths, because the weight of displaced 
water is the same. As water, however, is slightly compressible, its 
buoyant power must increase a little at great depths. Calling the 
compression ,000046 for one atmosphere (= 34 feet of water), the 
bulk of water at the depth of a mile is reduced by about f^^, and 
its specific gravity increased in the same ratio ; ao that, possibly, a 
body might sink near the surface, and float at great depths in the 
ocean. But this is not probable in any case, since the same com- 
pressing force may reduce the volume of the soHd as much as that 
of the water. And, furthermore, the increase of density by in- 
creased depth is so slow, that even if solids were incompressible, 
most of those which sink at all would not find their floating place 
within the greatest depths of the ocean. For example, a stone 
twice as heavy as water must sink 100 miles before it could float 

214, Equilibrimn of Floating Bodies. — If the body which 
is immersed has the same density as water, it simply loses its 
whole weight, and remains wherever it is placed. But if it is less 
dense than water, the excess of upward pressure is more than suf- 
ficient to support it; it is, therefore, raised to the surface, and 
comes to a state of equilibrium after partly emerging. In order 
that a floating body may have a stable ec[uillbrium, the tliree fol- 
lowing conditions must be fulfilled : 

1. It displaces an amount of water whose weight is equal to its 
own. 

3. TJie centre of gravity of the body is in the same vertical line 
with that of the displaced water. 

3. The metacenter is higJier titan ilie centre of gravity of the 
body. 

The reason for the first condition is obvious; for both the body 
and the water displaced by it are sustained by the same upward 
pressures, and tlierefore must be of equal weight. 

That the seco«(^is true, is provedas follows: Let 6" (Fig. 156,1) 
be the centre of gravity of the displaced water, while that of the 
body is at 6. How the fluid, previous to its removal, was sun- 
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tained by an upward force equal to its own weight, acting fhrongh 
its centre of gravity 0; and the same upward force now acts upon 




the floating body through the same point. But the body ia urged 
downward by gravity in the dii-eetion of the vertical line A Q B. 
Were these two forces exactly opposite and equal, they would keep 
the body at rest; but this is the ease only when the points C and 
& are in the same vertical line ; in OTci-y other position of these 
points, the two parallel forces tend to turn the body round on a 
point between them. 

215. The Metaoenter. — To xmderstand the third condition, 
the motacenter must be defined. "When a floating body is slightly 
inclined from its state of equilibrium, as in Fig. 155, 3 and 3, and 
a vertical is drawn through the new centre of gravity G of the dis- 
placed water, this vertical mnafc intersect the former vertical A B; 
the jnteraection, M, is called the metacmter. When the centre of 
gi-avity of the body G is lower than the metacenter, as in Fig. 1S5, 3, 
the parallel forces, downward through G and upward through C, 
revolve tho body back to its position of equilibrium, which is then 
called a stable equilibrium. But if the centi-e of gravity of the 
body is higher than the metacenter, as in Fig. 155, 3, the rotation 
is in the opposite direction, and the body is upset, the equilibrium 
being unstable. Once more, if tlie centre of gravity of tho body ia 
ai the metacenter, the body reste indifferently in any position, as, 
for example, a sphere of unifonn density. The equilibrium in this 
case is called neutral. 

If only the first condition is fulfilled, there is mo equilibrium; 
if only the first and second, the equilibrium is unslable; if all the 
three, the eqailibrinm ia stoMe. 

In accordance with the third condition, it is necessary to place 
the heaviest parts of a ship's cargo in the bottom of the vessel, and 
sometimes, if the cargo consists of light materials, to fill the bot- 
tom with stone or iron, called lallast, lest the masts and rigging 
should raise the centre of gravity too high for stability. On the 
same principle, those articles which are prepared for-life-preeervers. 
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in case of Bhipwreclt, should be attached to the upper part of the 
body, that the head may be kept above water. The danger arising 
from several persons standing up in a small boat is quite appai«nt ; 
for the centre of gl-avity is elevated, and liable to become higher 
than the metacenter, thus producing an unstable equilibrium. 

216. Floating in a Small Quantity of Water. — As press- 
ure on a given surface depends solely on the depth, and not at all 
on the extent or quantity of water, it follows that a body will float 
as freely in a space slightly larger than itself as on the open water 
of a lake. For instance, a ship may be floated by a few hogsheads 
of water in a dock whose form is adapted to it In such a case, it 
cannot be literally true that the displaced water weighs as much 
aa the vessel, when all the water in tlie dock may not weigh a 
hundredth part as much. The exiu'cseion " displaced wafer " means 
the amount which would fill the place occupied by the immersed 
portion of the body. An expenment illusb'ative of the above is, to 
float a tumbler within another by means of a spoonful of water 
between. 

217. Floating of Heavy Substances. — ^A body of the 
most dense material may float, if it lias such a form given it as to 
exclude the ivater from the upper side, till the required amount is 
displaced. Ships are buUt of iron, and laden witli substances of 
greater specific gravity than water, and yet ride safely on the ocean. 
A block of any heavy material, as lead, may be sustained by the 
upward pressure beneath it, provided the water is excluded from 
the upper side by a tube fitted to it by a water-tight joint 

218. Specific Q-ravity.— The weight of a body compared 
with the weight of the same volume of the standard, is called its 
specific gravity. 

Distilled water, at about 39° F., the temperature of its greatest 
density, is the standard for all solids and liquids, and common air, 
at 32°, for gases. Therefore the specific gravity of a solid or a 
liquid body, is the ratio of its weight to the weight of an equal 
volume of water ; and the specific gravity of an aeriform body is 
the ratio of its weight to the weight of an equal volume of air. 
Hence, to find the specific gravity of a solid or liquid, divide its 
weight by the weight of the same volume of water ; but in the case 
of a gas, divide by tlie weight of the same volume of .air. 

219. Methods of Finaing Specific Gravity. — 

1. For a solid heavier than water, divide Us wdgU by its loss 
of weight in water. 

The reason for this rule is obvious. The weight which a sub- 
merged body loses {Art. 313) is equal to the weight of the dis- 
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plaued water, which has, of course, the same volumo iis the hotly; 
therefore, dividing by the losa is the same as dividing hy the weight 
of the same Tolunie of water. 

3. For a solid lighter than water, divide iis weight h/ Us weigM 
added to the loss it occasions to a heavier iody premotisly balanced 



For, if the light body he attached to a body heavy enough to 
sink it, it loses all its own weight, and causes loss i» the otlicr 
which was previously balanced. And the whole loss equals the 
weight of water displaced by the light body. Hence, as before, we 
in fact divide the weight of the body by tlie weight of the same 
volnme of water. 

3. For a liquid, find th& loss which a lody sustains weighed in 
the liquid and t7ien in water, and divide the first loss by the second. 

For the first loss equals the weight of the displaced liquid, and 
the second that of tlie displaced water; and the volume in each 
case is the same, namely, that of the body weighed in them. 

But the specific gravity of a liquid may he more directly ob- 
tained by measuring equal volumca of it and of water in a flask, 
and finding the weight of eacii. Then the weight of the hqiiid 
divided by that of the water is the specific gravity requii-ed. 

220. The Hydromotair, or Areonieter. — In commerce and 
Uie arts, the specific gravities of substances are obtained m a more 
direct and sufiiciently acenrate way, by instruments constrncted 
for the purpose™ The general name for su 1 nst uu nts the 
hydrometer, or areometer. But other names r g to sucl aa 
are limited to particular uses; as, for e a npl the Icoo tt te fo 
alcohol, and the lactometer for mUlc Th 1 ydiom ter e\ osented 
in Fig. 156, consists of a hollow ball v th a 
graduated stem. Below the ball is a b lb eon ^ ^ ^ 

taining mercury, which gives the instrun nt a 
stable equilibrium when in an upright poa t on 
Since it will descend until it has displa ed a 
quantity of the fluid equal in weight to tb If t 
will of course sink to a greater depth if the fi 1 
is lighter. From the depths to which t I s 
therefore, as indicated by the graduate 1 t n 
the corresponding specific gravities are t 
mated. 

Nicholson's hydrometer (Fig. 15^?) is the n ost 
useful of this class of instruments, since t may 
be applied to finding the specific gra t s f 
solid as well as liquid bodies. In add t on t 
the hollow ball of the common hydron t t 
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top with a pan A for receiving ■weiglita, and a cavity beneatJi for 
holding the substance under trial. The instrument is ao adjusted 
that when 1000 grains are plat-ed in the pan, the instrument ainks 
in distilled water at the temperature of 
39^" P. to a flxed mark. 0, on the stem- 
Calling the weight of the instrament W, 
tlie weight of displaced water is H' + 1000. 

To find the specific gi'a^itj of a liquid, 
place in the pan such a weight w as will 
just bring the mark to the surface. Then 
the weight of the liqnid displaced U W+ to. 
But its volume is equal to that of the dis- 
placed water. Therefore its 4 ciilL giai 
. . W+w 
"J»^ If +1000' 

To find the specific gravitj of a solid 
place in the pan a fi-agment of it weighing 
less than 1000 grains, and atld the i> eight 
w required to sink the maik to the watei _ 5 

level. Then the weight of the sub^tanc ^ 

in air is 1000 — w. Eemove the substance 

to 'the cavity at the botttm of the matrum nt lul add to the 
weight in the pan a sufBcient numbei ot grams ii to sink the 
mark to the surface. Then ti 1.= the loss of iiei^ht m watt,i 

therefore, -, — - fetlie "p cihc i^'vity of tl e ul '^ti n.e 

221. Specific Gtravity of L qnicla by Mciiis of 
Heights. — The specific gravity of two liquids miy 1 e c mailed 
by their relative heights when m e piihbimm Let the tub a m 
and n {Fig. 158) communicate with 
each other, and be furnished ^ith ^^'' ^"^ 

a scale of heights above the zeio 
line B C. Suppose the column tf 
water J, B to be in equilibrium 
with the column of mei'tui^ C D 
Put h = the height of tl water, 
h' = the height of tire mercury, and 
8 = the specific gravity of the lat- 
ter; then, since pressure lanes as 
the product of height and densitv 
and the pressures in this cose ai 
equal, we have Jt x 1 = h x < 

whence s = j-,-; that is, thespcetpc [_ i-> ^ li „ . h iUi^^j^iM 

10 
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gravity is found hy dividing (he height of the water by the height 
of the liquid. Also, h'.?t':: s : 1; that ia, the heights of two 
columns in equilibrium are inversely as their specific gravities. 

The heavier liqnid should be poiirett in first, till it stands 
somewhat above B C, the zero mark of the scale ; and then the 
lighter shonld be poured into one branch, till it presses the other 
down to the zero line. Tiie heights of both are reckoned upward 
from B C, since the heavy liquid below B C balances itself. 

222. Table of SpeciQc Gravities.— An accurate knowl- 
edge of the specific gravities of bodies ia important for many pur- 
poses of science and art, and they have therefore been determined 
with the greatest possible precision. The lieaviest of all known 
substances is platinum, whoso specific gravity, when compressed 
by rolling, ia 33, water being 1 ; and the lightest ia hydrogen, whose 
Bpecifle gravity is = .073, common air being 1. Now, as water is 
about 800 times as heavy as air, it is (800 ^ .dlZ =) 10,9.^9 times 
as heavy as hydrogen. Thei-eforeplatinum is about (10,959x33=) 
341,000 times as heavy as hydrogen. Between these limits, 1 and 
341,000, tliere is a wide range for the siDecific'gravitiea of all other 
substances. As a class, the common metals are the heaviesb 
bodies; next to these come the metallic ores; then the precious 
gems; minerals in. general, animal and vegetable substances, 'as 
shown io tbo following table; 



Plafinum . . ... 23.0 Copper 

Gold 19.25 Sled 

Mercury 13.58 Iron. 

Silver 1 

MifalUc ores, lighter than the pure metals, but usually 

above 4.0 

Pren'o»j-^<njr, as the ruby, Gapphire, and diamoud . . , 3— 

Minerals, comprehending most stony bodies 2 — 

Zi?«w?j', from ether highly rectified to sulphuric acid highly 

concentrated \ — 

Acids in general, heavier than water. 
Oils in general, lighter ; but the oils of cloves and cinna- 
mon are heavier than water ; the greater part lie between 

.g and I g— 

Milk I.o: 

Alcohol (perfectly pure) 7< 



Proof spirit 

Wines ; the specific gravity of the lighter wines, as Cham- 
pagne and Burgundy, is a little less, and of the heavier 
wines, as Malaga, a little greater than that of water. 

Woods, cork being the lightest, and lignum vitiB the heaviest .; 
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223. Floating. — The human body, when the luiiga are filloil 
Tvith air, is lighter than water, and but for the difHcultj of keeping 
the lungs constantly inflated, it would naturally float. "With a mod- 
erate degree of ekiil, therefore, swimming becomes a yery easy pro- 
cess, especially in salt water. When, however, a man plunges, m 
divers sometamea do, to a great depth, the air in the lungs becomes 
compressed, and the body does not rise except by mnscnlar effort, 
The bodies of drowned persons rise and float after a few days, in 
consequence of the inflation occasioned by putrefaction. 

As rocks are generally not much more than twice as heavy m 
■water, nearly half their weight is sustained while they are under 
water; hence, their weight seems to be greatly increased as soon 
as they are raised above the surface. It is in part owing to their 
diminished weight that large masses of rock are ti-ansported with 
great facility by a torrent. "While bathing, a person's limbs feel as 
if they had nearly lost their weight, and when be leaves the water, 
they seem unusually heavy. 

224. To Find the Magnitude of an Irregulav Body. — 
It would foe a long and difficult operation to find the exact con- 
tents of an irregular mineral by direct measurement. But it 
might be found with facility and accuiBcy by weighing it in air 
and then finding its loss of weight in water. The loss is the weight 
of a mass of water having the same volume. Now, as 1000 ounces 
of water measure I'^SS cubic inches, a direct proportion ivill show 
what is the volume of the displaced water ; that is, of the mineral 
itself. 

225. Coliesion and Adhesion. — What distinguishes a 
liquid from a solid is not its want of cohesion so much as the 
mobility of its particles. It is proved in many ways that the par- 
ticles of a liquid strongly attract each other. It is owing to this 
that water so readily forms itself into drops. The same property 
is still more observable in mercury, which, when minutely divided, 
will roll over surfaces in spherical forms. When a disk of almost 
any substance is laid upon water, and then raised gently, it lifts a 
column of water after it by adhesion, till at length the edge of the 
fiuid begins to divide, and the column is detached, ijot in all parts 
at once, but by a successive rupturing of the lateral surface. It is 
proved that the whole attraction of the liquid would be far too 
great to be overcome by the force applied to pull oflTthe disk, were 
it not that it is encountered by little and litlie, at the edges of the 
column. But it is the cohesion of the water which is overcome in 
this experiment ; for the upper lamina still adheres to the disk. 
By a pair of scales we find that it requires the same force to draw 
off disks of a given size, whatever the materials may be, provided 
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tliey are wet wlien detached. This is "what might ho expected, 
BiiicG in each case we break the atti-action between two laminfe of 
water. Bnt if we nae disks which are not wet by the hquid, it is 
not generally true that those of difierent material wiU be removed 
by the same force ; indicating that some substances adhere to a 
given liquid moi-e strongly than others. 

These molecular attractions extend to an exceedingly email 
distance, as is proved by many facts. A lamina of water adheres 
as strongly to the thinnest disk that can be used as to a thick one ; 
60, also, the upper lamina coheres with equal force to the next 
below it, whether the layer be deep or sliallow. 

228. Capillary Action. — This name is given to the molecnlar 
forces, adhesion and cohesion, when they produce disturbing 
effects on the surface of a hquid, elevating it above or depressing 
it below the general level. These effects are called capillary, be- 
cause most strikingly exhibited in'very fine (hair-sited) tubes. 

Tlie liquid wiU be elevaied in a concave curve, or dressed in a 
convex curve, ly the side of the solid, according as the attraction of 
the liquid moleculea for each other is. less or greater than twice the 
attraction between the liquid and the solid. 

Case 1st Let if Jf (Fig. 159, 1) and L M hea section of the 
vertical side of a solid, and of the general level of the liquid. The 
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f art cle A where tl ese 1 nes n eet s attracted {so fiir as this sec- 
tion 13 col cemed) 1 1 all the part oles of an nsens 1 Ij small quad- 
rant of the liquid, the reenltant of which attractions is in the line 
A D, 45° below A M. It is also attracted by all the particles in 
two quadrants of the solid, and the resultants are in the directions 
A B, 45° above, and A B', 45° below L M. 

Now suppose the force A Dto\ieless than twice A B or A B'. 
Cut oS C D = A B; then A B, being opposite and eqnal to D, 
is in equilibrium with it. The remainder A C, being less than 
A B', their resultant A E will be directed toward the solid ; and 
therefore the surface of the liquid, since it must be perpendicular 
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to the resultant of forces acting on it (Art 20i), takes the direc- 
tion represented ; that is, concave upward. 

Case 2d. Let A D (Fig, 159, 3), the attraction of A toward 
the liquid particles, be more than twice A B, the attraction towai-d 
a qiiadrant of the solid. Then, making G D equal to A B, these 
two resaltants balance as before; and as A Oia greater than A B', 
the angle betiveen A and the resultant AEi'A less than 45°, and 
A is drawn away from the solid. Therefore the surface, being 
perpendicnlai* to the resultant of the molecular forces acting on it, 
is conTex upward. 

Case 3d. tiAB (Kg. 159, 3) be exactly twice A B, then OD 
balances A- B, and the resultant of ^ C and ^ B' is ^ .E in a ver- 
tical direction ; therefore the surface at A is level, being neither 



Case Ist occurs whenever a liquid readily wets a solid, if 
brought in contact with it^ as, for example, water and clean glass. 
Case 3d occurs when a solid cannot be wet by a liquid, as glass and 
mercury. Case 3d,is rare, and occurs at the limit between the 
other two ; water and steel afford as good aa example as any. 

227. CapillEixy Tubes. — In fine tubes these molecular forces 
affect the entire columns as weU as their edges. If the material 
of the tube can he wet by a liquid, it will raise a column of that 
liquid above the leyel, at the same time making the top of the 
column concave. If it is not capable of being wet, tlie liquid is 
depressed, and the top of the column is convex. The first case is 
iUuBtrated by glass and water; the second by glass and mercury. 

The materials being given, the distance by which the liquid is 
elevated or depressed varies inversely as the diameter. Therefore 
the product of the two is constant 

The amount of elevation and depression depends on the 
strength of the molecular forces, rather than on the specific 
gravity of the liquids. Alcohol, though lighter than water, is 
raised only half as high in a glass tube. 

If the upper part of a tube is capillary, while the lower part is 
large, a liquid is sustained (after being raised by suction) at the 
same height as if the whole were capillary. But it is found that 
the large mass in the lower part is upheld by atmospheric pressure 
after the capillaiy part has been closed by the molecular attraction. 
228. Parallel and Inclined Flates. — Between parallel 
plates a liquid rises or faUs half as far as in a tube of the same 
diameter. This is because the sustaining force acts only on two 
sides of each filament, while in a tube it acts on all sides. There- 
fore, as in tubes the height varies inversely as the diameter, so in 
plates the height varies inversely as the distance between them. 
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If the plates ave iiiclinetl to each other, having tliuir edge of 
meeting pei-peniJicuJar to the horizon, the surface of a liquid rising 
hetween them assumes the form of a ^jyerfoifff, -nhoae branches 
approach the vertical edge, and the water-level, as the asymptotes 
of the curve. This results from the law nlreidy stated that the 
height varies inversely as the distance betiveen the plates. Lit 
the edge of meeting, A ff (Fig. 160), 
be tlie axis of ordinates, and the 
line in which the level surface of 
the water intersects the glass, A P, 
the axis of absoissas. Let S C, 
D E, be any ordinates, and A B, 
A D, their abscissas, and B L,D K, 
the distances between the plates. 
By the law of capillarity, the lieights 
£C,DE,^a inversely &sBL,D K. 
But, by tbe similar triangles,^ BL, __ 

AJ)K,BL,DJi:,sx&a6AB,AD; " , 
therefore, B C, D E, are inversely as A B,AD; and this is a 
property of the hyperbola with reference to the centre and asymp- 
totes, that the ordinates are inversely as the a' 



329. Effects of Capillaiity on Floating Bodie3.^Some 
cases of apparent atti'actions and repulsions between floating 
bodies are caused by the forms which the liquid assumes on the 
sides of the bodies. If two balls raise the water ahont them, and 
are so near to each other that the concave surfaces between them 
meet in one, they immediately approach each other till they touch ; 
and then, if either be moved, the other will follow it. The water, 
which is raised and hangs suspended between them, draws thera 



Again, if each ball depresses the water around it, ihey will also 
move to each other, and be held together, so soon as they are near 
enough for the convex surfaces to meet. In this case, they are not 
pulled, but pushed together by the hydrostatic pressure of the 
higher water on the outside. 

Once more, if one ball raises the water, and the other depresses 
it, and they are brought so near each other that the curv^ meet, 
they immediately move apart, as if repelled. For now the eqiii- 
libriura is destroyed in a way jnst the reverse cff the preceding 
cases. The water betireen the balls is too high for that which de- 
presses, and too low for that which raises the water, so that the 
former is pushed away, and the latter is drawn away. 

The first case, which is by far the most common, explains the 
fact often observed, that floating fragments are liable to be gath- 
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ered into clusters ; for most substances are capable of being wet, 
and therefore they raise the water ahout them. 

230. Illustrations of Capillary Action. — It is by capil- 
lary action that a part of the water which fdls on the earth ia 
kept near its surface, iostead of sinking to the lowest depths of 
the soil. This force aids the ascent of sap in the pores of plants- 
It lifts the oil between the fibi-es of the lamp-wick to the place of 
combustion. Cloth rapidly imbibes moisture by its numerous 
capilkry spaces, so that it can be used for wiping things diy. If 
paper ia not smd, it also imbibes moisture quickly, and can be 
used as Motiing-paper ; but when it^ pores are fiiled with sizing, 
to fit it for writing, it absorbs moisture only in a slight degree, 
and the ink which is applied to it must dry by evaporation. 

The great strength of the capillary force is shown in the effects 
produced by the swelling of wood and other substances wiien kept 
wet. Dry wooden wedges, driTen into a grooTo cut around a 
cylinder of stone, and then occasionally wet, will at length cause 
it to break asunder. As the pores between the fibres of a rope 
run around it in spiral lines, the swelling of a rope caused by 
keeping it wet will contract its length with immense force, 

231. Questions in Hydrostatics. — 

1. The diameters of the two cylinders uf a hydraulic press are 
one inch and one foot, respectively ; before the piston descends, the 
columa of wat«r in the small cylinder is two feet higher than the 
bottom of the large piston. Suppose that by a screw a force of 
500 lbs. is applied to the small piston ; what is the whole force ex- 
erted on the large piston at the beginning of the stroke ? 

Ans. ?2098.17 lbs. 

3. A junk bottle, whose lateral surface contained 50 square 
inches, being let down into the sea 3000 feet, what pressure do 
the sides of the bottle sustain, no allowance being made for 
the increased specific gravity of the sea-water? 

Ans. 65104.166 lbs. 

3. A Greenland whale sometimes has a surface of 3600 square 
feet ; what pressure would he bear at the depth of 800 fathoms ? 

Ans. 1080,000,000 lbs., or more than 483,143 tons. 

4. A mill-dam, ranning perpendiculai'ly across a river, slopes 
at an angle of 35 degrees with the horizon. The average depth 
of the stream is 13 feet, and its breadth 600 yards; required the 
amount of pressure on the dam ? 

Ans. 15,971,906 lbs., or 7130 + tons. 

5. A mineral weighs 960 grains in air, and 739 grains in water; 
what is its specific gravity ? Ans. 4.344., 
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C. What are the I'espeetive weights of two equal cubical masses 
of gold and cork, each measuring 3 feet on its linear edge ? 

Ans. The gold weighs 9625 Ihs. = 4.29'? tons; the cork 
weighs 130 lbs. 

7. A mass of granite contains 5949 cubic feet. The specific 
graYity of a fragment of it is found to be 3.6 ; what does the raaea 
weigh P Ans. 431.568 tons. 

8. An island of ice rises 30 feet out of water, and its upper 
surface is a circular plane, containing fths of an acre. On the 
supposition that the mass is cylindiical, required its weight, and 
depth below tlie water, the specific gravity of sea-water being 
1.0363, and that of ice .93. 

Ans. "Weight, 243,900 tons; depth, 359.64 feet 

9. Wishing to ascertain the exact number of cubic inches in a 
very irregular fragment of stone, I ascertained its loss of weight in 
water to be B.346 ounces ; required its volume. 

Atib. 9.338 cubic inches. 

10. Hiero, king of Syracuse, ordered his jeweller to make him 
a crown of gold containing 63 ounces. The artist attempted a 
fraud by substituting a certain portion of silver; which being sus- 
pected, the king appointed Archimedes to examine it. Archi- 
medes, putting it into water, found it displaced 8.3245 cubic 
inches of the fluid ; and having found that the inch of gold weighs 
10.36 ounces, and that of silver 5.85 ounces, he discovei-ed what 
part of the king's gold had been purloined; it is required to 
repeat the process. Ans. 38.8 ounces. 

11. The specific gravity of lead being 11.35; of cork, .34; of 
fir, .45 ; how much cork must be added to 60 lbs. of lead, that the 
united mass may weigh as much as an equal bulk of fir? 

Ans. 65.853*? lbs. 
13. A cone, whose specific gravity is ^, floats on water with its 
vei-tex downward ; what part of the axis is immersed ? 

Am. One-half. 

13. A cono, having the same specific gravity as the above, 
floats with its vertex upward ; how much of its axis is immersed ? 

Am. 0.0436. 

14. What is the weight of a chain of pure gold, which raises 
the water 1 inch in height, in a cubical vessel whose side is 3 
inches ? and suppose a chain of the same weight were adulterated 
with 14^ ounces of silver; how much higher would it raise the 
water in the vessel ? 1 ft. water = 911.458 oz. troy. 

Am. Weight = 91.35 oz. ; height .133 in. more. 
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CHAPTER II. 

LIQUIDS IN MOTION. 

232. Depth and Velocity of Discharge. — From an aper- 
ture which ie small, compared with the hreadth of the reservoir, 
the velocity of discltarge varies as the square root of the depth. For 
the pressure on a given area varies as the depth (Art. 207). If the 
ai'ea is removed, this pressure is a force which is measured by the 
momentum of the water; therefore the momentum vfisies as the 
depth (d). But momentum varies as the mass [q) multiplied by 
the velocity [v] ; hence qvx d. But it is obvious that q and v 
vary alike, since the greater the velocity, the greater in the same 
ratio is the quantity discharged. Therefore, $' a (7, or ? a: rf^ ; 
also ji' cc t?, or i; oc d^. 

Not only does the velocity vary as the square root of the depth 
of the orifice, bat it is equal to that acquired by a body falling 
through the depth. 

Let h = the height of the hquid above the orifice, and 7t' — tJie 
height of an infinitely thin layer at the orifice. 

If this thin layer were to fall through the height h', under the 
action of its own weight or pressure, the velocity acquired would be 
p' = V%gh' (Art 38). 

Denoting the velocity generated by the pressure of the entire 
column by v, we have, since velocity oc /depth, 
v:v'\:Vh:V'h',iiT 
v-.VWgh' ■.-.Vh-.VV •.■.V¥gTi:V%<fh'; 

,-. V = vap. 

But VTgh ie also the velocity acquired in falling through the 
distance k (Art. 28). 

From an orifice 16 1^ feet below the surfece of water, the veloc- 
ity of d^chai'ge is 33i feet per second, because this ie the velocity 
acquired in falhng IQ-^ feet; and at a depth /owr times as great, 
that is, 64J feet, the velocity will only be doubled, that is, 64J feet 
per second. 

As the velocity of discharge at any depth is equal to that of a 
body which has fallen a distance equal to the depth, it is theoreti- 
cally immaterial whether water is taken npon a wheel from a gate 
at the same level, or allowed to fell on the wheel from the top of 
the reservoir. In practice, however, the former is best, on ac- 
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count of the resistance wMch water meets with in falhng through 
the air. 

233. Descent of Surfeoe. — When water is discharged from 
t!io hottom of a cylindric or prismatic vessel, the surface descends 
with a unifo'mily retarded motion. For the velocity with which 
the Borface descends varies as the velocity of the stream, and there- 
fore as the square root of the depth (Art, 333). But this is a 
characteristic of uniformly retarded motion, that it varies as the 
square root of the distance from the point where the motion ter- 
minates, as in the case of a hody ascending perpendicularly from 
the earth. 

The descent of the siirfece of water in a prismatic vessel has 
heen used for measuring time. The chpsydra, or water-clock of 
the Eomans, was a time-keeper of this description. The gradua- 
tion must increase upward, as the odd numbers 1, 3, 5, 7, &c. ;. 
since, hy the law of this kind of motion, the spaces passed over in 
eijual times are as those numbers. 

If a pnsmatic vessel is kept full, it discharges tioice as m.«ch 
water in the same time as if it is allowed to empty itself. I"or the 
velocity, in the first instance, is uniform; and in the second it is 
uniformly retarded, till it becomes zero, "We reason in this case, 
therefore, as in regard to bodies moving unifonnly, and with mo- 
tion uniformly accelerated from rest, or uniformly retarded till it 
ceases (Art, 35), that the former motion is twice as great as tlie 
latter. 

234. Discharge from Orifices in IDifferent Situations. — 
Other circumstances besides area and depth of tbe aperture ai-e 
found to have considerable inHnenee on the velocity of discharge. 
Observations on the directions of the filaments are made by intro- 
ducing into the water particles of some opaque substance, having 
the same density as water, whose movements are visible. From 
such observations it appears that the particles of water descend in 
vertical lines, until tliey arrive within three or four inches of the 
aperture, when they gradually turn in a dii-ection more or leas 
oblique toward' the place of discharge. This convergence of the 
filaments extends outside of the vessel, and causes the stream to 
diminish for a short distance, and then hiereaae. The smallest 
section of the stream, called the vena contracta, is at a distance 
from the aperture varying from one-half of its diameter to the 
wJiole. 

If water is discharged thi'ongh a circular aperture in a thin 
plate in the bottom of the resen'oir, and at a distance from the 
sides, as in Fig. 161, 1, the filaments form the vena contracta at a 
distance beyond the aperture equal to one-lialf of its diameter; the 
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area of the section at the Tcna contracfa is le^ tlian two-iMrds 
(0.64) of the area of the aperture; and the quantity discharged is 
also about two-thirds of that obtained by calculation fur the full 
siae of the aperture. 




J 



If the leservoir teimmates m a ehoit pipe oi ajutage, whose 
interior is adapted to the curvature of the lilameni^, as far as to 
the vena contracta, or a little beyond, as in Fig. 161, 2, it is found 
the most favorable for free discharge, which in some cases reaches 
0.98 of the theoretical discharge. The stream is smooth and pel- 
lucid like a rod of glass. The most unfavorable form is that in 
which the ajutage, instead of being asternal, as in the case just 
described, projects inward, as in Fig. 161, 3 ; the filaments in this 
case reach the aperture, some ascending, othei-s descending, and 
therefore interfere with each other. Hence the sti-eam is much 
roughened in its appearance, and the flow is only 0.53 of 'vvhat is 
due to the size of the aperture and its depth. 

When the aperture is thi-ough a thin plate, the contraction of 
the stream and the amount of discharge are both modified by tlie 
circumstance of being near one or more sides of the reservoir. 
There is little or no contraction ou the side next the wall of the 
vessel, since the filaments have no obliquity on that side ; and the 
quantity is on that account increased. The filaments from the 
opposite side also divert the stream a few degrees from the pei-pen- 
dieular (Fig. 161, 4). 

235. Friction in Pipes. — As has just been stated, an ajutage 
extending to or slightly beyond the vena eontracta, and adapted 
to the form of the stream, very much inci'eases the quantity dis- 
charged ; bnt beyond that, the longer the pipe, the more does it 
impede the discharge by friction. The friction varies directly as 
the length of the pipe, and inversely as its diameter. In order, 
therefore, to convey water at a given rate through a long pipe, it is 
necessary either to increase the head of water or to enlarge the 
pipe, so as to compensa.te for friction. If a given quantity of 
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water is discharged per second by an aperture five inches in diam- 
eter, through the tliin bottom of » reservoir, and we wish to dis- 
charge the same at the end of a horizontal pipe 150 feet long, and 
of the same diameter as the orifloe, it wiU require ten times the 
head of water to aecomphsh it; or it may he done by the same 
]iead of water, if we nae a pipe ahout 8 inches, instead of 5 inches, 
in diameter. 

An aqueduct should be as straight as possible, not only to 
avoid nnnecessary increase of length, hut because the force of the 
stream is diminished by all changes of direetion. If there must be 
change, it ehould be a gradual curve, and not an abrupt turn. 
When a pipe changes its direction by an arigle, instead of a curve, 
there is a useless expenditure of force ; a change of 90° requires 
that the head of water should he increased by nearly the height 
due to the velocity of discharge. For instance, if the discharge is 
dgM feet per second (which is the velocity due to one foot of fall), 
then a right angle in the pipe i-equires that the head of water 
slioiild be increased by neaidy one foot, in order to maintain that 
velocity, 

236. Jets. — Since a body, when projected upward with a cer- 
tain velocity, will rise to the same height as that from which it 
must have faUen to acquire that velocity, therefore, if water issue 
fi'om the side of a vessel through a pipe bent upward, it would, 
wore it not for the resistance of the air and friction at the orifice, 
rise to the level of the water in the reservoir. If water is dis- 
charged from an orifice in any other than a vertical direetion, it 
describes a parabola, since each particle may be regarded as a pro- 
jectile (Art 44). 

If a semicircle be described on the pei'pendicnlar "side of a 
vessel as a diameter, and water 
issue horizontally from any point, ^^^- 1^^- 

its range, measured on the level of 

the base, equals twice the ordinate m-^-:^:^^-^!*.- \h 

of that point. For, the "velocity t:f£i£r-3r I ^'°^-\ 
with which the fluid issues from 
the vessel, being that which is due 



to the heig ht B G (Fig. 162), 




V^g.BG (Art. 28). But after 
leaving the orifice, it aj'rives at the ^ -^ £ Jf 

horizontal plane in the time in which a body would fall freely 

through G D, which is y _^— .. Since the horizontal motion 
is uniform, the space equals the product of the time by the veloc- 
ity; that is,i)£= -/A^:^ X V2(/.BG = ^ Vb~G7q1) ^ 
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3 G IT, or twice the ordinate of the semicircle at the place of dis- 
charge. 

The greatest range occurs when the fluid issues from the 
centre, for then the ordinate is greatest ; and the range at eqnal 
distances above and lielow the centre is the same. 

The remarks already made respecting pipes apply to those 
which convey water to the jets of fli-e-engines and fountains. If 
the pipe or hose is very long, or narrow, or crooked, or if the jet- 
pipe is not smoothly tapered from the full diameter of tlie hose to 
the aperture, much force is lost by friction and other resistances, 
especially in great velocities. If the length of hose is even ticenty 
times as great as its diameter, 33 per cent, of height is lost in the 
jet, and more stiH "when the ratio of length to diameter is greater 
than this. 

237- Rivers. — Friction and change of direction have great 
influence on the flow of rivers. A dynamical equilibrium, as it is 
called, exists between gravity, which causes the descent, and the 
resistances, which pi-event acceleration, beyond a certain moderate 
limit ; so that, in general, the water of a river moves uniformly. 
The velocity in all parts of the same section, however, is not the 
same ; it is greatest at that part of the surface where the depth is 
greatest, and least in contact with the bed of the stream. 

To lind the mean velocity thi-ongh a given section, it is neces- 
sary to float bodies at various places on the surfiice, and also below 
it, to the bottom, and to divide the sum of all the velocities thus 
obtained, by the number of observations. To obtain the quantity 
of water which flows through a given section of a river, having 
determined the velocity as above, find nest the area of the section, 
by taking the depth at various points of it, and multiplying the 
mean depth 'by the breadth. The quantity of water is then found 
by multiplying the area by the velocity. 

The increased velocity of a stream during a freshet, while the 
stream is confined witliin its banks, exhibits something of the ac- 
celeration which belongs to bodies descending on an inclined 
plane. It presents the case of a river flowing upon the top of 
another river, and consequently meeting with much less resisfemee 
than when it runs upon the rough siuface of the earth itself. Tlie 
augmented force of a stream in a freshet arises from the simulta^ 
neons increase of tlie quantity of water and the velocity. In con- 
sequence of the friction of the banks and beds of rivers, and the 
numei-ous obstacles they meet with in their winding course, their 
velocity is osnally very small, not more than three or four miles 
per hour; whereas, were it not for these impediments, it would 
become immensely great, and its efibcts would be exceedingly dis- 
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SistroTia. A very slight declivity is sufficient for giving tlie run- 
ning motion to water. Tlie largest rivers in tlio world tall about 
five or six inches in a mile, 

238. Hydraulic Pumps. — The most common pumps for 
raising ■water operate on a principle of pneumatics, and will be de- 
scribed under that subject. 

In the lifting-pump the water is pushed up in tJie pump tube 
by a piston placed below the water-level. In the tube A B (Fig. 
16S) is a fixed valve V, a little below the 
water-level L L, while still lower is the pis- ^^"^ ■^''^■ 

ton P, in which thei-e is a vaive. Both of 
these valves open upward. The piston is 
attached to a rod, which extends downward 
to the frame F F. This frame can be moved 
tip and down on the outside of the tube by a 
lever. When the piston descends the water 
passes through itsvaliebyhidiostitiopress 
ure; and when raised it pushes the water 
before it through the fixed a alve which then 
prevents its return In this manner by le 
peated strokes, the watei can be dnven to 
any height which the instrument can ben 

The chain pump consiste of an endlehs 
chain with circular disks attached to it at 
intervals of a few inches which laise the 
water before them m a tube by means of a 
wheel over which the chain passes the 
wheel may be turned by a crank Tfip 
disks cannot fit closely m the tube without causing too gieat le 
sistance; hence, a ceitam vekaty is r quitate m older to iiiisa 
water to the place i dischii^e ind itter the woikmg of the 
pump ceases, the wit^i "oon descends to the level in the well 

239. Tlia Hyflrauhc Ram — When a large quantity ot 
water is descending thiough in inclined pipe if the 1 wer e'^tiem 
ity is suddenly closed since watei la ncaily mcompreiiible the 
shock of the whole column i& icceived m a single instant ind it 
no escape is provided is veiy likely to burst the pi^ e The inten- 
sity of the shock of water when stopped is mwlc the means of 
raising a portion of it above the le\i:l of the head The mstiu- 
ment for effecting this is called the Jit/diaulic ram At the lower 
end of a long pipe P (Fig It 4) is a valve V opening downward ; 
near it, another vah e T ojens mti the iiries',el 1 and fiom 
this ascends the pip T m "\(hich the v.'iin is to 1 e laibed As 
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the valve Y lies open by its weight, the water rune ont, till ite 

momentum at length shuts it, and the entire column ia suddenly 

Fia 164 




stopped this impulse foices the witei mto the an lessel and 
thence hy the compieised an up the tube T A 'oon as the 
momentum is expended the -lahe V drops and the piocess is 
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240 Water Wheels -with a Hor ■'ontal A5a° - 
shot wheel (Tig Ib-i) is ttnstruc 
ed with buLkets on the encumfei 
enee, which leceiYe the water just 
after passing the highest point 
and empty them elves befoie 
reaching the bottom Theweigl t 
of the water as it is ill on one 
side of a veitieal diimeter ciusfs 
the wheel to levolve It is ubual 
ly made as hige as the fill will 
allow, and will carry raachmeiy 
with a very small sapply of water 
if the fall is only considerable 
The moment of each bucket-full 
constantly increases from a, where 
it is filled, to F, where its acting distance is radius, and therefore 
a maximum. Erom F downward the moment decreases, both by 
loss of water and diminution of acting distance, and becomes zero 
ati. 

The unchrshoi wheel (Fig. 166) is re- Fig. 160- 

volved by the momentum of running water, 
which strikes the float-boards on the lower 
side. When these are placed, as in the 
figure, perpendicular to the circumference, 
the wheel may turn either way ; this is the 
constrnetion adopted in tide-mills. When 
the wheel is required to turn only in one 
direction, an advantage is gained by placing 
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the floa -toarils bo as to present an acute angle towai'd the current) 
by which means tlie water acts pai'tly by its weiglit, as in tlie over- 
shot yfheel. The undLi-shoL wheel is adapted to situations where 
tlie supply of watei is always abundant. 

In the hreast wkeel{P\g 167)thewatci is recem d n^ion the 
float-boards at abDut the I e ^ht of tl ai n 1 aete jaitij 1 y ts 
weight, and piitly by itb mo 
mentum. The planes ot tl e r a 16 

float-boards in- set at rioht 
angles to the eircumfe ence of 
the wheel, and aie biou^l t so 
near the mill eouiae tl it tl o ^ 
water is held and acts oy ts i 
weight) as in bucl eta 

241. The Tiirbme— Th s 
very etKcieiit ^vatei wl lie 
quently called the Fiench tui 
Hue, is of modtm imention, 
and has received its chief im 
provemeiits in this countiy It lerohfs on i vtiticil i\i'^ and 
saiTounds the bottom of the reservoir tiom which ic recenefa the 
water. The lower pait of the leservou i? divided into a large 
number of sIuills by cuived paititions, which direct the water 
nearly into the line of a tangent, as it issues npon the wheel The 
vanes of the wheel ai-e curved in the opposite direction, so as to 
receive the force of the issuing sti'eams at right angles. The hori- 
zontal section (Pig. 168) shows 
the lower part of the reservoir ^"^'^- ^'^^■ 

with ita curved guides, a, a, a, 
and the wheel with its curved 
vanes, v, v, v, sun-ounding the 
reservoir; D is the centml tube, 
through which the asis of the 
wheel passes. Pig. 169 is a ver- 
tical section of tlie turbine ; but 
it does not pi-esent the guides 
of the reservoir, nor the vanes 
of the wheel. C G, G G, is the 
outer wall of the resei'voir; 
3, D, ite inner wall or tube ; 
F F, the base, curved so as to 
turn the descending water gradually into a horizontal dirccticn. 
The outer wall, which terminates at G G, is connected with the 
base and tube by tho jjuides which are shown at a, a, in Fig. 169. 




:yGoogle 



THE TURBINE. 



The lower rim of tlie wheel, H, H, is connected with the upper 
rim, P, P, by the vanes between them, v, v (Fig. 168), and to the 






^-ri\p 



axis, E, E, by the spokes J, I The gate, J, J la a thm cylinder 
which is raised or lowered between the wheel and the sluices of 
the reservoir. The bottom of the axis reyolves in the socket 7i, 
and the top connects with the machinery. As the reseivoir cin- 
not be siipported from below, it is suspended by flang s on the 
masonry of the wheel-pit, or on pillai-s outside of the wheel 
To prevent confusion in the figure, the supports of the reservoh- 
and the machinery for raising the gate are omitted. By the 
curved base and gnides of the reservoir, the water is conducted in 
a spiral course to the wheel, with no sudden change of direction, 
and thus loses very little of its force. The wheel usually runs ■ 
below the level of the water in the wheel-pit, as represented in 
the figure, L L being the surface of the water. The reservoir is 
sometimes merely the extremity of a large tapering tube or supply 
pipe, bent from a horizontal to a vertical direction. In such a 
case, the tube D D, in which the axis nins, passes through the 
upper side of the supply pipe. The figui-e represents only the 
lower part. 

242. Barker's Mill. — This machine operates on the principle 

of uiihalanced hydrostatic pressure. It consists of a vertical hollow 

cylinder, A B (Fig. l^O), free to revolve on its axis M If, and 

hu,ving a horizontal tube connected, with it at the bottom. Near 

11 
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d.n oiitfB, one on 




each end of the horizontal tube, it P and F 
one Bide, and one on the opposite. The 
cylinder, being kept f uU of water, ^ hirls 
in a direction opposite to that of the dia 
charging sti-eania from P and P'. Thia 
is owing to the fact that hydrostatic 
pip«suie i& rem ived from the apeituiee, 
while on the interior of the tube, at 
point* eiictly opposite to them, are 
piesf-ures which are now nnbalanceii, 
but ^ihich ^^ould be counteracted by 
ihepiesaures at the apertures, if they 
were closed. The centiifiigal force, 
after the machine is in rotation, has 
the effect to increase the pressure, and 
therefore the speed of rotation. 

243. Resistance to Motion in a Liquid — The resistance 
which a body encounta-s in moving through any fluid arises from 
tlie inertia of the particles of the fluid, their want of perfect mo- 
bility among each other, and friction. Only the first of these' 
admits of theoretical determination. So far as the inertia of the 
fluid is concerned, the resistance which a surflice meets with in 
moving perpendicularly throngh it varm as the sqteare of the ve- 
hoity. For the resistance is measured by the momentum imparted 
by the moving body to the fluid. And this momentum {m) varies 
as the product of the quantity of fluid set in motion {q), and its 
Telocity {v) ; qv m 'x q v. But it is obvious that the quantity dis- 
placed Taries as the velocity of the body, ov q x v; hence m qc v*. 
Therefore the resistance varies as the square of the velocity. 

This proposition is found to hold good in practice, where the 
velocity is small, as the motions of boats or ships in water ; but 
when the velocity becomes very great, as that of a cannon ball, 
the resistance increases hi a much higher ratio than as the square 
of the velocity. Since action and reaction are equal, it makes no 
difference, in the foregoing proposition, whether we consider the 
body in motion and the fluid at rest, or the fluid in motion and 
striking against the body at rest. 

Since the resistance increases so rapidly, there ia a wasteful 
expenditure of force in trying to attain great velocities in naviga^ 
tion. For, in order to double the velocity of a steamboat, the 
force of the steam must be increased four fold ; and in order to 
triple its velocity, the force must become nine times as great. 

■\^Tien the resistance becomes equal to the moving force, the 
body moves uniformly, and is said to be in a state of di/namical 
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equilibrium. Thus, a body falling freely through the air by 
gravity does not continue to be accelerated beyond a certain 
limit, but is finally brought, by the resistance of the air, to a uni- 
form motion. 

244. Water Waves. — These are moving elevations of wa.ter, 
caused by some force which acts unequally on its surface. There 
are two very different kinds of waves, called, i-espectively, waves 
of oscillation and waves of translation. In the first kind the par- 
ticles of water have a vibratory or reciprocating motion, by which 
the vertical colurane are alternately lengthened and shortened. A 
familiar example of this kind is tlie sea-wave. lu the waves of 
translurtion the particles are raised, transferred forward, and then 
deposited in a new place, without any vibratory movement. 

245. Waves of Oscillation. — If a pebble be tossed upon 
stiU water, it crowds aside the particles beneath it, and raises them 
above the level, forming a wave around it in the shape of a ring. 
As soon as this ring begins to descend, it elevate above the level 
another portion around itself, and thus the ring-wave continues 
to spread outward every way from the centre. But in the mean- 
time the water at the centre, as it rises toward the level, acquires 
a momentum which lifts it above that level. From that position it 
descends, and once more passes' below the level, thus st'wtmg a 
new wave around it, as at fii'st, only of less height Hence, we see 
as the result of the first disturbance, a senefc of t-onoeutno wai^s 
continually spreading outward and di- 
minishing in height at greater dis- 
tances, until they cease to be visible. 
In Fig. 171 are represented three circu- 
lar waves at one of the moments of 
time when the centre is lowest. The 
shaded parts are the basins or tmiglis, 
and the light parts, e, e, c, are the ridges 
or crests. Fig, ITS is a vertical section 
along the line c, c, through the centi-e 
of the system, coiTeeponding to the mo- 
mentary arrangement of Fig. 171. The central basin is at b and 
the crests at c, c, c A little later, when either ciest has mo\ed 
half way to the place of the next one, 
both figures will have become reversed ; ^"^ ^"^ 
the centime will be a hilloclc, the troughs — ~ -^ ~ - 
will be at c, c, and the crests at the 
middle points between them. 

Except in the circular arrangement of the cie't'< and trouj^hs 
around a centre, the waves of the foregoing txpt nim nt illusiiate 
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common sea^waYcs. They constitute a system of elevations and 
depreasiona moving along the surface at right angles to the lino 
of the wave-crest. 

246. Phases. — In the cross-section (Pig. 173), where tlie 
waves are shown in profile, any particular part of the curve is 
called a phase. Different phases are generally unlike, hoth in ele- 
vation and in movement. The corresponding parts of different 
waves are called like phases ; and those points in which the mo- 
lecular motions are reversed are called op^josite piloses. The 
highest points of the crests of two waves are like phases; the 
highest point of the crest and the lowest point of the trough are 
opposite phases. Two points half way from crest to trough, one 
on the front of the wave, and the other on the rear of it, are also 
opposite phases, although they are at the same elevation ; for they 
are moving in opposite directions. The length of a wave is the 
liorizontal distance between two successive like phases. 

247. Molecular Movements. — The water which constitutes 
a system of waves does not advance along the sni-face, as the waves 
themselves do ; for a floating body is not home along hy them, but 
alternately rises and falls as the waves pass under it. Each par- 
ticle of water, instead of advancing with the wave, oscillates about 
its mean place, alternately rising as high as the crest, and falling 
as low as the trough. Its path is the cireumference of a vertical 
circle. Let B B' (Fig. 173) represent two successive troughs, and 
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the intervening crest; and for convenience suppose a a', the 
wave length, to he divided into eight equal parts. The waves 
move in the direction of the straight arrow, while the particles of 
water revolve in the direction of the hent arrows. The points 
1, 2, 3, &c, represent particles which, if the water were at rest, 
would he directly above the points a, 5, c, &c. At the moment 
represented, 1 is at the extreme left of its revolution, 2 is at 45° 
below, 3 at the lowest point, &c. When the wave has advanced 
one-eighth of its length, 1 will have ascended 45°, 3 will have as- 
cended to the extreme left, and each of tlie eight particles will 
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have revolved one-eighth of the circumference shown in the figure. 
Then 4 will be at the hottom, and 8 at the top. Each particle of 
■water on the front of the wave, from 1 to 3, and ftom 7 to 3', is 
ascending ; each one on the rear, from 3 to f, is descending. It 
is plain that while the wave advances its whole length, that is, 
while the phase B is moving to B', each particle makes a complete 
revolution ; 3', which is now lowest, will be lowest again, having 
in the meantime occupied all other points of the eircumfereace. 

Particles beloto the surface, as far as the wave disturbance 
reaches, perform synchronous revolutions, but in smaller circles, 
as represented in the figure. 

248. Form of Waves of Oscillation. — ^The sectiomil form 
of these waves is that of the inverted trochoid, a curve described 
by a point in a circle as it rolls on a straight line. The curvature 
of the crest is always greater than that of the trough, and the 
summit may possibly be a sharp ridge, in which case the section 
of the trough is a cycloid, the describing point of the rolling circle 
being on the circumference ; the height of such waves is to their 
length as the diameter of a circle to the circumference. If waves 
are ever higher than about one-third of their length, the summits 
are broken into spi'ay. 

249. Distortion of the Vertical Columns.— 'WTiers the 
surface is depressed below its level, some of the water must be 
crowded laterally out of its place, and the vertical columns, being 
shorter, must necessarily be wider, at least in tlie upper part. So, 
too, where the surface is raised above its level, the lengthened 
columns must be narrower. In Fig. 173 these effects are made 
apparent as the necessary result of the revolutions of the particles. 
The dotted lines, 1 a, 3 5, 3 c, &e., were aU vertical lines when the 
water was at rest But now they are swayed, some to the right 
and some to the left, none being vertical, except under the highest 
and lowest points of the waves. Under the trough the lines are 
spread apai-t, and under the crest they are drawn together. The 
sectional figures 1 a 5 3, 3 S c 3, &c., which would aU be rectangu- 
lar if the water were at rest, are now distorted in form, the upper 
parts being alternately expanded and contracted in breadth as the 
successive phases pass them. 

250. Sea-Waves. — The waves raised by the wind rarely ex- 
hibit the precise forms above described, and the particles rarely 
revolve in exact circles, partly because there is scarcely ever a sys- 
tem of waves undisturbed by other systems, which are passing 
over the wat^r at the same fame, and partly because, the wind, 
which was the original cause of the waves, acts continually upon 
their surfaces to distort and confute them. 
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The interference of waves denotes, in general, the resultant 
Bj'Etem, which is produced by the combination of two or more 
separate systems. The joint effect of two systemB is Yarioua, ac- 
cording aa tbey are more or less unlilie as to length of waves. 
But even if two systems are just aJilie, still the effect of interfer- 
ence will vaiy, according to the coincidence or the degree of dis- 
crepancy of their like phases. For instance, if two similar 
systems exactly coincide, phase for phase, the wayes simply have 
double height; or, in general terms, there is double intensity in 
the ware motion. But if the phases of one system exactly coincide 
with the opposite phases of the other, then the water is nearly 
level, the crests of each system filling the troughs of the other. 
These two effects may be plainly seen in the intersections of ring- 
waves formed by dropping two pebbles on still water. 

251. Waves of Translation, — The principal characteristics 
of the wave of translation are, that it is solitai'y — ^i. e., it does not 
belong to a system, like the other kind ; and that its length and 
velocity both depend on the depth of the water. Where the water 
is deeper, the wave travels &ster, and its length (measured in the 
direction of its progress) is longer. A wave of this character is 
started in a canal by a moving boat; and when the boat stops, it 
moves on alone. A grand example of this species is found in the 
tide-wave of the ocean. It is called the wave of translation be- 
cause the particles of water are bome forwai-d a certain distance 
while the wave is passing, and then remairi at rest. 
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PROPERTIES OF GASES.— INSTRUMENTS FOR INVESTIGATION. 

252. G-ases Dietinguished from Liquids. — The property 
of moiility of particles, which belongs to all fluids, is more re- 
markable in gases than in liquids. 

While gaseous substances are compressed with ease, they are 
always ready to expand and occupy more space. This property, 
called dilataUUty, scarcely belongs to hquids at all. The force 
which gases show in expanding is called tension. 

253. Change of Condition. — Liquids, and even solids, may 
be changed into the gaseous or a*;rifonn condition by heating 
them sufficiently. By being cooled, they return again to their 
former state. In the gaseous form they are called vapors. And 
some substances which are ordinarily gases can be so far cooled, 
especially tinder great pressure, as to be reduced to the liquid or 
solid form. Those which have never been thus reduced ai-e caUed 



The mechanical properties of the gases may all he illustrated 
by experiment* performed upon atmospheric air, 

254. Mariotte's Law. — 

At a given temperature, the volume of air is inversely as the 
compressing force. 

An instrument constructed for showing this is called Mariotte's 
tube. The end B (Fig. 174) is sealed, and A open. Pour in small 
quantities of mercury, inclining the tube so as to let air in or out, 
till both branches are filled to the zero point. The air in the 
short branch now has the same tension as the external air, since 
they just balance each other. If mercury be poured in till tha 
column in the short tube rises to G, the iiiclosed air is reduced to 
one-half of its original volume, and the column A in the long branch 
is found to bo 29 or 30 inches above the level of C, according to" 
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the barometer at the time. Thus, kvo atmosphores, one of mer- 
cury, the other of air aboTe it, have compressed the inclosed air 
into one-kaif its volume. If the tube is of 
sufficient length, let mercury be poured in ^^''^ ^'^^■ 

again, till the air is eompre^ed to one-third 
of its original space; the long column, 
measured from the level of the mercury in 
tbe short one, is now twice as high as be- 
fore ; that is, ihree atmospheres, two of mer- 
cury and one of air, have reduced the same 
quantity of air to one-thtrd of its first vol- 
Bme. This law has heen fonnd to hold good 
in regard to atmospheric air up to a pressure 
of nearly thirty atmospheres. 

On the other hand, if the pressure on a 
giyen mass of air is diminished, its Yolume 
is found to increase according to the same 
law. When the pressure is half an atmo- 
sphere, the volume is doubled; when one- 
third of an atmosphere, the volume is three 
times as great, &c. 

This law is found however not to be 
strictly applicable to all the gases Soma 
are compressed a little more and others a 
little less, than Mauottt s law would ic 
quire. 

Since the tension of the inclosed air : 
always balances the compressing force ind _ 
since the density is raveiselj as the volume ■— 

it follows from Mariotte s law that when the temperature is the same 
The tension of air varies as (he compressing force ; and 
The tension of air varies as its density. 

255. The Air-Pump. — This is an instrument hy which 
nearly all the air can be removed from a vessel or receiver. It 
has a variety of forms, one of which is shown in Fig. 175. In the 
harrei B an air-tight piston is alternately raised and depressed by 
the lever, the piston-rod being kept vertical by means of a guide. 
The pipe P connects the bottom of the barrel with the brass phite 
L, on which rests the receiver E. The surface of the plate and 
the edge of the receiver are hoth ground to a plane. (? is the 
gauge which indicates the degree of exhaustion. There are three 
valves, the first at the bottom of the barrel, the second in the 
piston, and the third at the top of the baiTeL These all open up- 
ward, allowing the air to pass out, but preventing its return. 
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256. Operation.— When the piston is depressed, tbe air below 
it, by its increased tension, presses down the first vaive, and opens 
the second, and eiscapes into the upper pdrfc of the barrel. When 
the piston is raised, the air above it cannot return, but is pressed 
through the third valve into the open air , 
ceiver and pipe, by its tension, openo the 
first valve, and diffuses itself ei^ua-lly 
through the receiver and hairel An- 
other descent and ascent only repeat 
the same process, and thus by a sue- 

ce'ssion of strokes, the air la neaily all 

removed. 

The exhaustion can be made more 

complete if the first and second valves 

are opened by the action of the piston 

andiod, mthcr than by the tension of 

the air This method is illustrated by 

Fig 176, a section ot the barrel and pia- 

ton The first and second valves, as 

sho^^n in the fignre. are conica.1 or pup- 

prf valves fittmg into conicil scekets. 

The first has a long stem attached, which 



while the air in the re- 
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passes through the piston air-tight, and is pulM up by it a littlo 
way, till it is arrested by sticking the top of the barrel The sec- 
ond Yalve is a conical frustum on the end of the piston-rod. "When 
the rod is raised, it shute the valve before moving the piston ; 
■when it begins to descend, it opens the valve again before giving 
motion to the piston. The first valve is shut by a lever, which 
the piston strikes at the moment of its reaching the top. The oil 
which is likely to be pressed through the third valve ia drained off 
by the pipe (on the right in both figures) into a cup below the 
pump. 

257. Sate of Exhaustioii. — The quantity i-emoved, by suc- 
cessive strokes, and also the quantity remaining in the receiver, 
diminishes in the same geometrical ratio. I'or, of the air occupy- 
ing the barrel and receiver, a barrel-full is removed at each stroke, 
and a receiver-full is left If, for example, the receiver is three 
times as large as the barrel, the air occupies four parts before the 
descent of the piston; and by the first stroke one-fourth is re- 
moved, and three'fouftlis are left. By the nest sti-oke, three- 
fourths as much will be removed as before {{ of |, instead of J of 
the whole), and so on continually. The quantity left obviously 
diminishes also in the same ratio of three-fourths. In general, if 
5 expresses the capacity of the barrel, and r that of the receiver 

and connecting-pipe, the ratio of ea«h descending series is j- — -. 

With a given barrel, the rate of exhaustion is obviously more 
mpid as the receiver is smaller. If the two were equal, ten strokes 
would rarefy the air more than a thousand times. For (^)'° = 
iAt 

As a term of this series can never' reach zero, a complete ex- 
haustion can never be effected by the air-pump ; but in the beat 
condition of a well-made pump, it is not easy to discover by the 
gauge that the vacuum is not perfect, 

258. Bsperiments with the Air-Pmnp. — By the air-pump 
a great variety of experiments may be performed, illustrative of 
the mechanical properties of the air. The ohstrudion of the air 
being removed, light and heavy bodies are seen to fall with equal 
rapidity ; a wheel with vanes perpendicular to the plane of rotar 
tion runs as freely as if they, coincided with that plane, and water 
boils below blood-beat The weighi of a given volume of air ia 
obtained by first weighing a v^sel filled with air, and then empty. 
The pressure of air ia every direction is tendered apparent by 
many striking effects, such as Ufting weights, holding together the 
Magdeburg hemispheres, and throwing jets of water ; also, by the 
difference of pressures on the upper and lower side, bodies are 
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shown to weigh less in air than in a vacuum. And, finally, the 
tension or expansive force is exhibiteil by experiments equally nu- 
merous and interesting. 

259. The Air Condenser. — While the air-pump shows 
the tendency of air to dilate indefinitely, aa the com- 
pressing force is removed, another useful instrument, 
the condenser, exhibits the indefinite compressibility 
of air. Like the pump, it consists of a bari'el and piston, 
hot its valves, one in the piston and one at the bottom 
of the barrel, open downwai'd. Mg. 177 shows the exterior 
of the instrument. If it be sci-ewed upon the top of a 
sti-ong receiver (Pig. 178), with a stop-cock connecting 
them, air may be forced in, and then sccuMd by shutting 
the stop-cock. When the piston is depressed, its own 
valve is shut by the increased tension of the air beneath 
it, and th^ lower one opened by the same force When 
the piston is raised, the lower valve is kept shnt by tho 
condensed air in the receiver, and th^t of the piston is 
opened by the weight of the outei an, which thus getb 
admission below the piston. 

The quantity of air in the receivei increases at each 
stroke in an arithmetical ratio, because the same quan- 
tity, a barrel-fuU of common aii', is added every time the piston 
is depressed. A smalt Mariotte's tube is attached to the receiver, 
to show how many atmospheres have been ad 
mitted. 

260. Experiments with the Air Con 
denser. — If the receiver be partly filled with 
water, and a pipe from the stop-cock extend into 
it, then when the condenser has been used and 
removed, and the stop-cock opened, a jet of watei 
will be thrown to a height corresponding to the 
tension of the inclosed air. A gas-bag being 
placed in the condenser, then filled and shut will 
become flaccid when the air around it is compressed A thm gh'^s 
bottle, sealed, will be ei'ushed by the same force. By these and 
other experiments may be shown the effects of increased tension. 

261. Torricelli's ExperimBnt.:^A glass tube A B (Fig. 179} 
about three feet long, and hermetically sealed at one end, is filled 
with raercuiy, and then, while the finger is held tightly on the 
open end, it is inverted in a cup of mercury. On removing the 
finger after the end of the tube is beneath the surface of the mer- 
cury, the column sinks a little way from the top, and there re- 
mains. Its height is found to be nearly thirty inches above tlie 
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level of mercury in the cup. If suificieni care is taken to i 
globules of air from the liquid, the 
BpEWe above the column in the tube is 
aa perfect a vacuum aa can be obtained 
It is called the TorricelUdn -vaennm, 
from Torrieelli of Italy, a disciple of 
Galileo, who, by this experiment, diis- 
proved the doctrine that nature abhms 
a vacuum, and fixed the limits of at- 
mospheric presBure. 

262. Pressure of Air Meas- 
ured. — The column is sustained in 
the Torricellian tube by the pressuie 
of air on the surface of mercnry'in the 
vessel ; for the level of a fluid surface 
cannot be preserved unless there is an 
equal pressure on every pai-t. Hence, 
the column of mercury on one part, 
and, the column of air on every other 
equal part, must press equally. To de- 
termine, therefore, the pressure of an. 
we have only to weigh the column of 
mercury, and measure the area of the 
mouth of the tube. If this is carefully done, it is found that the 
weight of merciiry is about 14.7 lbs. on a square inch. Tlierefore 
the atmosphere presses on the earth with a force of netvrly 15 
pounds to every square inch, or more than 2000 lbs. per square 
foot. 

The specific gravity of mercury is about 13.0; and therefore 
the height of a column of water in a Tomcellian tube should be 
13.6 times greater than that of mercury, that is, about 34 feet. 
Experiment shows this to be true. And it was this significant 
fact, that e^ual weights of water and mercury are sustained in 
these circumstances, which led Torrieelli to attribute the effect to 
a common force, namely, the pressure of the air. 

263. Pascal's Experiment. — As soon as Torricelli's discov- 
ery was known, Pascal of France proposed to test the correct- 
ness of his conclusion, by carrying the apparatus to the top of a 
mountain, in order to see if less air above the instrument sustained 
the mercury at a less height. This was found to be true ; the 
column gradually fell, as greater heights were attained. The ex- 
periment of Pascal also determined the relative density of mercury 
and air. I"or the mercury falls one-tenth of an inch in ascending 
87.3 feet ; therefore the weight of the one-tenth of an inch of mer- 
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CTiry was balanced by tbe -weight of the 87.2 feet of air. There- 
fore the specific gravities of mercury and air (being inversely as 
the heights of columns in equilibrium) are aa (87.3 x 13 x 10 =) 
10464 : 1. In the same way it is ascertained that water is 170 
times as dense as air. These results can of course be eoiifii-med 
by directly weighing the several fluids, which could not be done 
before the invention of the air-pump. 

264. The Barometer. — When the Torricellian tube and 
basin are mounted in a case, and furnished with a graduated scale, 
the instrument is called a barometer. The scale is divided into 
inches and tenths, and usually extends from 36 to 33 inches, a 
space more than 'sufficient to include all the natural variations in 
the weight of the atmosphere. By attaching a vernier to the 
scale, the reading may be carried to hundredths and thousandths 
of an inch, as is commonly done in meteorological observations. 
By observing the barometer from day to day, and from hour to 
hour, it is found that tbe atmospheric pressure is constantly fluc- 
tuating. 

As the meteorological changes of the barometer are all com- 
i within a range of two or three inches, much labor has 

! expended in devising methods for magnifying the motions 
of the mercurial column, so that more delicate changes of atmo- 
spheric pressure might be noted. The inclined tube and the wheel 
barometer are intended for this purpose. A description of these 
contrivances, however, is unnecessary, as they are al! found to be 
inferior in accuracy to the simple tube and basin. 

265. Corrections for the Barometer. — 

1. For clw/nge of level in the basin. — The numbers on the 
barometer scale are measured from a certain zero point, which is 
assumed to be the level of the mercury in the basin. If now the 
column falls, it raises the surface in the basin ; and if it rises, it 
lowers it. If the basin is broad, the change of level is small, but 
it always requires a correction. To avoid this source of error, the 
bottom of the basin is made of flexible leather, with a swew undei-- 
neath it, by which the mercury may he raised or lowered, till its 
surface touches an index that marks the zero point. This adjust- 
ment should always be made before reading the barometer. 

3, For capillarity. — In a glass tube mercury is depressed by 
capillary action (Art. 337). The amount of depression is less as 
the tube is larger. This error is to be corrected by the manufac- 
turer, the scale being put below the true height by a quantity 
equal to the depression. 

There is a slight variation in this capillary en'or, arising from 
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the fact tbat the ronuded summit of the colnmn, called the mmis- 
GUS, is more convex wlien ascending than when descending. To 
render the meniscus constant in its fomij the barometer should be 
jarred before each reading. 

3. For ternperature. — As mercury is expanded by heat and con- 
tracted by cold, a given atmospheric pressure wili raise the column, 
too high, or not high enough, according to the temperatnre of tlie 
mercury. A thermometer is therefore attached to the barometer, 
to show the temperature of the instrument. By a table of correc- 
tions, each reading is reduced to the height the mercury would 
have if its temperature was 33° P. 

4. 'For aUititde of station. — Before comparing the observations 
of different places, a correction must be made for altitude of sta- 
tion, because the column is shorter according as the place is 
higher above the sea level. 

266. The Aneroid Barometer. — This is a small and port- 
able instrument, in appearance a little like a large chronometer. 
Tlie essential part of this barometer is a flat cylindrical metallic 
box, whose upper surface is corrugated, so as to be yielding. The 
box being partly exhausted of air, the external pressure causes the 
top to sink in to a certain extent ; if the pressure increases, the 
surface descends a little more; if it diminishes, a little less. These 
small movements are communicated by a system of levers to an 
index on the graduated face of the barometer. The box and levers 
are concealed and protected within the outer case. As might be 
expected, its range is limited, and its indications not perfectly re- 
liable; but for obtaining results in which accuracy is not essen- 
tial, its lightness and convenient form and size recommend it, 
especially for portable uses. 

367. Pressure and Latitude. — The mean pressure of the 
atmosphere at the level of the sea is very nearly 30 inches. But it 
is not the same at all latitudes. From the equator either north- 
ward or southward, the mean pr^sure increases to about latitude 
30°, by a smalt fraction of an inch, and thence decreases to about 
65°, where the pre^ure is less than at the equator, and beyond 
that it slightly increases. This distribution of pressures in zones 
is due to the great atmospheric euiTents, caused by heat in con- 
nection with the earth's rotation on its axis. 

The amount of variation in barometric pressure is very unequal 
in different latitudes ; and in general, the higher the latitude, the 
greater the valuation. Within the tropics the extreme range 
scarcely ever exceeds one-fourth of an inch, while at latitude 40° 
it is more than two inches, and in higher latittides even reaches 
three inches. 



:yGoogle 



VARIATIONS OF THE BAEOMITBH. If5 

268. Divirnal Variation.— If a long aeries of barometric ob- 
Bervations be made, and the mean obtained for each hour of the 
day, the changes caused by weather become eliminated, and the 
diurnal oscillation reveals itself. It is found that the pressare 
reaches a maximnm aiid a miiiimnm twice in S4 hours. The 
times of greatest pressure are from 9 to 10, and of least pressure 
from 3 to i, both a. m. and p. m. In tropical climates this varia- 
tion is very regular, though small ; but in the temperate zones the 
irregular fluctuations of weatlier conceal it in a great degree. 

This double oscillation is the mingled effect of heat and 
moisture, each of which alone would produce a single oeciUation 
extending through tho entire day. 

In some counti'ies of the torrid zone there is a regular ammai 
oscillation of the barometer; but in the temperate zones thifl is 
scarcely perceptible. 

269. The Sarometer and the Weather. — The changes in 
the height of the barometer column depend directly on nothing 
else than the atmospheric pressure. But these changes of pressure 
are due to several causes, such as wind and changes of temperature 
and moisture. 

The practice formerly prevailed of engraving at ditferent points 
of the hai-ometer scale several words expressive of states of weather, 
"fair, rain, frost, wind," &c. But such indications are worthless, 
being as often false as true ; this is evident from the fact that the 
height of the column would be changed from one kind of weather 
to another by simply carrying the instrument to a higher or lower , 
station. 

No general system of rules can he given for anticipating 
changes of weather by the barometer, which would be applicable 
in different countries. Eules found in English books are of very 
little value in America. 

Severe and extensive storms are almost always accompanied by 
a fiiU of the barometer while passing, and succeeded by a rise of 
the barometer. 

270. Heights Measurecl by the Barometer.— Since mer- 
cui-y is 10464 times as heavy as au- (Art. 363), if tho barometer is 
earned up until the mercury falls one inch, it might be inferred 
that the ascent is 10464 inches, or 873 feci This would he the 
case if the density were the same at all altitudes. But, on account 
of diminished pressure, the air is more and more expanded at 
gieatei heights. Besides this, the height due to a given fall of the 
mercury varies for many reasons, such aa the temperature of the 
air, the temperature of the mercury, the elevation of the stations, 
and their latitude. Hence, the measurement of heights by the 



:yGoogle 



176 PNEUMATICS. 

barometer is somewhat troublesome, and not always to he relied 
on. Formula and tables for this pui-poee are to be found in prac- 
tical works on p" 



271. The Gauge of the Air-Pnmp.~Tlie Torricellian tube 
is employed in different ways as a gauge for tlie air-pump, to indi- 
cate the degree of exhaustion. In Fig. 175 the gauge G iaa, tube 
about 33 inches long, both ends of which ai'e open, the lower im- 
mersed in a cup of mercury, and the upper communioatiag with 
the interior of the receiver. As the exhaustion proceeds, the 
pressure is diminished within the tube, aud the external air raises 
the mercury in it A perfect vacuum would be indicated by a 
height of mercury equal to that of the barometer at the time. 

Another kind of gauge is a barometer already filled, the basin 
of which is open to the receivei-. As the tension of air in the re- 
ceiver is diminished, the column descends, and would stand at the 
same level in both tube and baein, if the vacuum were perfect. 

A modified form of the last, called the siphon gaiige, is the 
beat for measuring the rarity of the air in tlie receiver when the 
vacuum is nearly perfect Its construction is shown by Fig. 180. 
The top of the column. A, is only 5 or 6 inches above 
the level of .Sin the other branch of the recurved tube. ^^- '■^^■ 
As the air is withdrawn from the open end 0, the ten- 
sion at length becomes too feeble to sustain the col- 
umn ; it then begins to descend, and the mercuiy in 
the two branches approaches a common level. 



272. Buoyant Power of the Air.— If a large 
and a small body are in equilibrium on the two anns 
of a balance, and the whole be set under a receiver, 
and the air be removed, the larger body will prepon- 
derate, showing that it is really the heaviest Their apparent 
equality of weight when in the air is owing to ite buoyant power ; 
for air, Hke water and all fluid substances, diminishes the apparent 
weight of an immersed body by just the weight of the displaced 
fluid. Hence, the larger the body, the more weight it loses. 

It follows that if a body weighs less than the displaced air, it 
will rise just as light bodies do in water. It is in this way that 
balloons are made to ascend. By the use of a lai^ volume of hy- 
drogen, inclosed in a silk envelope, rendered air-tight by varnish, 
a jcar with several persons in it can be carried to a great height. 
The greatest height ever attained is about 33000 feet, or nearly 
4.5 miles. The mercury of a barometer at that height falls to 12.5 
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273. Pneumatic Instruments. — Besides tlie apparatus de- 
scribed in the foregoing chapter, by the aid of which the proper- 
ties of tlie air are discovered, there ai-e several articles in common 
use whose utility depends more or less on the same properties, and 
■which serve aa good iUustrationa of the principles already pre- 
sented. 

274. The Bellows.— The simple or hand-bellows consists of 
two boards or lids hinged together, and having a flexible leather 
round the edges, and a tapering tube through which the air is 
driven out. In the lower boarf there is a hole with a valve lying 
on it, which can open inward. On separating the lids, the air by 
its pressure instantly lifts the valve and fills the space between 
them ; but when they are pressed together, the valve shuts, and 
the air is compelled to escape through the pipe. The stream is 
intermittent, passing out only when pressure is applied. 

The compound ielhws, used for forges where a constant stream 
is needed, are made with two compartments. The paiiition G T 
(Fig. 181) is fixed, and 

has m it a v^lvL V Fia Ibl 

opening upwaid The 
lower lid ha? also % 
vilve V opening up 
waid and the uppoi 
one IS loaded with 
weights The pipe T 
is connected with the 
upper compnitment 
As the loi^ei lid is 
laispd by the rod A B, 
whiLh as wosked by the 
lever S B, the air in 
the lower part is crowded through V into the upper part, whence 
it is by the weights pressed through the pipe T in a constant 
stream. When the lower lid falls, the air enters the lower com- 
partment by the valve V. 

275. The Siphon.— If a hent tube ABG {Fig. 182) he filled, 
and one end immersed in a vessel of water, the liquid will be dis- 
13 
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1 thi'ongh the tube so long as the onter end ie lower than 
the level in the vessel. Snch a tube is called a siphon, and is 
much wsed for removing a liquid from the top of a reaei'voir with- 
out disturbing the lower part. The height 
of the bend £ above the fluid level must 
1) leoB than 34 feet for watei and le«i5 
t lan M inches foi mercery The rt ibuns 
fir the moti n of the isatcr are that the 
fttmo^phen, is able to sustain i ciliinm 
highei than E B and that f .S is bna:ei 
than U P The tno ptessurts ou the 
1 i^hest ciosa section B of the tube are 
"unequal For the atmoiphenc pressuie 
at E 13 able to sustain 34 feet of i;vater 
ind theiefore atP exeita a piessiue equal 
to 34 - J' 5 toiv-ird the nght At C the 
111 also pi eases upward with a fore*, equal 
ti 34 feet and therefore at B it xi,its a 
pri^sure to the left equal to 34 — LB 
« ubtncting 34 - C i from 84 - i; 5 
we hive the lemamdur f D foi the ex 
cesa of pressure to the light or outwail 
from the vcsaeL Therefore the water will 
flow with a velocity due to the weight of 
D 0; hence, the velocity diminishes as 
the vessel empties. 

If the tube is small, it may be filled by suction, after the end A 
is immersed. If it is large, it may be inverted and filled, and then 
itop-cocks, till the end is beneath the water. 





276. Intermitting Spniigs. — Springs which flow freely for a 
time, and then cease for a certain interval, after which they flow 
again, are found in some cases to operate on the principle of the 
siphon. Suppose a reserroir or hollow in the interior of a hill, 
having a siphon-shaped outlet. It is obvious, upon hydrostatic 
principles, that no water wiU be discharged unldl the fluid has 
reached a level in the reservoir as high as the top of the -bend iu 
the outlet. Then it wiU begin to run out, and will continue to 
run until the water has descended to the level of the outlet ; after 
which no more water will be discharged untQ enough has collected 
to reach the higher level, as before. 

277. The Suction Pump.— The section (IHg. 183) exhibits 
the construction of the common snctioii pump. By means of a 
lever, the piston P is moved up and down in the tube A V. In 
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the piston is a valT© opening upward, and at the top of the pipe 

^ is another valve, also opening upwaid The latter must be 

at a less height than 34 feet above the vtater G When the pi&ton 

is raised, its valve is kept shnt by the weight 

of air above, and the atmospheric preasme at 

G lifts a column of water G Hto such a height 

that its ■weight, added to the tension of the 

ravefied air, HP, equals 34 feet of -natei 

When P descends, the air below is pi evented 

from returning by the lower valve, and escapes 

through the piston. The piston being lused 

again, the water rises still higher, till at length 

it passes through the valve, and the piiton dips 

into it; after this it is lifted directly to the 

discharge pipe 8, without the intervention of 

the air. 




278. Calcnlation of the Force.— Let 
the whole atmospheric pressure be represented 

, by 34 (its equivalent in feet of water), and the 
height of waf^r, Cff, hy A. Since the tension 
of air in the tube, added to A, equals 34, there- 
fore the tension = 34 — 7i; and this force is 
exerted upward on the lower side of the piston ; 
while the downward pressiH'C on the top of tlie 
piston = 34. The difference of the two =: h, 
which is, therefore, the height of water, whose 
downward pressure is to be overcome. "We ar- 
rive at the same result if the water, is above 'SZSZ^'^ISZTZ 
the piston at A, when h = A G. For, in this 
case, the pressure upward on P = 34 — P C; while the down- 
ward pressure = 34 + ^ P ; and the difference between them is 
P G + A P —■ h- Therefore, in every case, the force required to 
lift the piston and column of water is that which would be re- 
quired to lift the same weight in any other way. The atmosphere 
has no other agency than to fumisli a convenient mode of apply- 
ing the force. 

If (^ = the diameter of the piston, in decimals of a foot, then 
I 7! d' = its area ; { n d' h ~ the cubic feet of water ; and 
^ TT (?' A X 62.5 = the pounds of water. 

279. The Forcing Pump.— The piston of the forcing piimp 
(Fig. 184) is solid, and the upper valve V opens into the side 
pipe V S. In the ascent of the piston, the water is raised as in 
the suction pump ; but in its descent, a force must be applied 
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above V into the side pipe 



ffj^ 



to press tliG water "whicH 
through v. 

As in the eaction pnmp, the force expend- 
ed ie that required to lift J « (?* ft x 63.5 
pounds of water. But the two differ in thia 
respect: in the saction pump the foice ia all 
expended in raising the piston , in the frrcing 
pTimp the force is divided, and the colHmn 
below P is lifted while the piston ascends, 
and that above P while it descends 

The piston is only one rf many contnv 
anees for producing rarefaction of air m a 
pump-tube; bat since it is the most simple 
and most easily kept in repair, the piston 
pump is generally preferred to any other 

280. The Pire-Engiiie — This machine 
generally consists of one or moie forcmg 
pumps, with a regulating air-vessel, though 
tlie arrangement of partsise\ceedmglyvaned 
Fig. 185 will illustrate the prmciiiles of ita 
conatraetion. As the piston, F, ascends, the 
water is raised through the valve, V, by at- 
mospheric pressure. As F descends, the water 
is driven through P into the au'-vessel, M, 
whence by the condensed air it is forced out 
without interruption through the hose-pipe, Z. 
The piston P' operates in the same way by 
altemato movements. The , piston-rods are s 
(not represented), to which the strength of several men can be ap 
plied at once by means of hand-bars called brakes. 

The air-vessel may be attached 
to any kind of pump, whenever it ^^^- 18^- 

is desired to render the stream con- 
stant 

281. Hero's Fountain.— The 
condensation in the air-vessel, from 
■which water is discharged, may be 
produced by the weight of a column 
of water. An illustration is seen in 
Hero's fountain. Fig. 186. A ver- 
tical column of water from the ves- 
sel, A, presses into the air-vessel, B, 
and condenses the air more or less, 
according to the height of A B. 




to a level 
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From the top of this vessel an air-tube conveys the force of the 
compressed air to a second air-yessel, C, 
which is Dearly fall of water, and has a jet- 
pipe rising from it. Since the tension of 
air in G is equal to that in B, a jet will be 
raised which, if unobstructed, would be 
equal in height to the compressing column, 
AB. 

This plan has been employed to raise 
water from a mine in Hungary, and hence 
called " the Hungarian machine." 



282. Manometers.— -These are instru- 
ments for measuring the tension of gases 
or vapors. In one kind of manometer the 
law of Mariotto is employed. The tube 
A B (Fig. 187), closed at the top, has its 
open end beneath the surface of mercury 
in the closed cistern 0. The vessel D, 
containing the gas or vapor whose tension 
is to be measured, communicates with the 
top of the cistern. If the mercury is at 
the same level in the cistern and tube, the 
pressure equals one atmosphere. As the 
tension in D increases, the column in ^ S 
rises, and compresses the air in the tube. 
The tension of the air va A B above the 

mercury, together with the weight of the meicuij th 1 v 1 

in the cistern, is equal to the tension in i>; so tliat the number 
(3) will not be in the middle point between (1) 
and the top, but somewhat below, A scale of fiq. 137. 

atmospheres is calculated accoKling to the pro- 
portions of the instrument, and placed by the 
side of the tube, 

2S3. Apparatus for Preserving a Con- 
stant Level, — Let A B (Pig. 188) be a reser- 
voir which supplies a liquid to tlie vessel CD', 
and suppose it is desired to preserve the level at 
the point Pin the vessel, while the liqnid is dis- 
chiirged ftom it irregularly or at intervals. This 
is accomplished by letting the diseliai^ pipe E 
enter G D below the required level C, while the 
air is supplied to the reservoir only by a tube 
F B, which just reaches that level. So long as 
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the liquid in C 15 is below 0, it is 
at a greater depth from tlie sur- 
face A than B is, and therefore the 
pressure is greater, and the liquid 
■will run from E, and air enter at B. 
But when the vessel is filled to 0, 
the hydrostatic pressures at C aud 
if are equal; it is therefore impos- 
sible that the wat«r should over- 
come the air at G and pass out, and 
that the air should at the same time 
overcome the water at B, and pass 
in. Hence, if G discharges moi-e 
slowly tlian E, it is Immaterial 
whether water is running from 0- 
or not; the vessel will remain al- 
ways filled to the level G B. 




CHAPTER III. 

THE ATMOSPI-IERE.-ITS QUAMTITY, HEIGHT, AND MOTIONS. 

284. Quantity of tha Atmosphere. — Since the air sus- 
tains a column of mercuiy thirty inches high, the weight of the 
whole atmosphere is equal to that of a stratum of mercury thirty 
inches thick covering the globe. The thickness is relatively so 
saiall that the volume of the stratum may be reckoned as that of 
a parallelopiped, thirty inches in height, and having a base equal 
to the surface of the eai'th. 

Letting R = the radius of the earth, and A = the depth of 
mercury, the earth's surface = 4 it iJ', and the volume of mercury 
-47ri?7j = 4x 3.14159 x (3956 x 5280)' x 2.5 cubic feet. 

This multiplied by 63.5 x 13.6, the weight of a cubic foot of 
mercury, gives about 11,650,000,000,000,000,000 lbs. This is, 
therefore, the weight of the earth's atmosphere. 

285. Virtual He^t of the Atmosphere, — When two 
fiuid columns are in equilibrium with each other, their heights 
are inversely as their specific gravities (Art, 221). The specific 
gravity of mercury is 10464 times that of the air at the ocean 
level. Therefore, if the air had the same density in all parts, its 
height would be found by the proportion, 

1 : 10464 : : 3.5 : 26160 feet, 
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which is almost five miles. Henee, the quantity of the entire at- 
nioaphei'e of the earth is pretty correctly conceived of when we 
imagine it having the density of that which suiTounds ns, and 
reaching to the height of five miles. 

286. Decteass of Density. — But the atmosphere is very 
fer from being.throughout of unifoi-m density. The great cause 
of inequality is the decreasing weight of snperincumtent air at 
increasing altitudes. The law of diminution of density, arising 
from this cause, is the following; 

The densities of the air decrease in a geometrical as the aliitudes 
increase in an arithmetical ratio. For, Jet us suppose the,air to be 
divided into horizontal strata of equal thickness, and so thin that 
the density of each may be considered as uniform throughout. 
Let « he the weight of the whole column from the top to the 
earth, 5 the weight of the whole column above the lowest stratum, 
c that of the whole column above the second, &c. Then the 
weight of the lowest stratum ia a — h, and the weight of the 
second is S — c, &c. Now the densities of these strata, and there- 
fore their weights (since they ai-e of equal thiclmess), are as the 



a — h'.h ~ c'l'-e; 
' ac — ic = b''— he; .•.ac = i'' 
a:h::b: c; 
m the same w iv, h:c-:c:d; 

that 18, the ueigMt of the entire columns, from tie i 
strata to the top of the atmosphere, form a geometrical series; 
theiefore, tlie densities of the successive sli^ata, varying as the com- 
pre=!smg forces, liso form a geometrical series. If, therefore, at a 
certain distance fiom the earth, the air ia twice as rare as at the 
surfiice of the earth, at twice that distance it will be four times as 
ime, at three times that distance eight times as rare, &c. 

By barometric ohservationa at different altitudes, it is found 
that at the height of three and a half miles above the earth the air 
is one-half as dense as it is at the surface. Hence, making an 
arithmetical aeries, with S^ for the common difference, to denote 
heights, and a geometrical series, with the ratio of J, to denote 
densities, we have the following: 

Heights, 3i, 1, lOJ, 14, m, 31, 244, 28, 311, 35. 
Densities, ^, I, ^, ^\, gV> s\> rh' ^h> ste? tfj4- 
According to this law, the air, at the height of 35 miles, is at 
least a thousand times less dense than at the surface of the earth. 
It has, therefore, a thousand times less weight resting upon it ; in 
other words, only one-thonsandth part of the air exists above that 
height. 
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287. Actual Height of the Atmosphere.— Tho foregoing 
law, founded on that of Mariottej cannot, however, Le applicable 
except to, moderate distances. If it were strictly true, the atmo- 
sphere -would be unlimited. But that is impossible on a revolving 
body, since tlie centrifugal force mast at some distance or other 
equal the force of gravity, and thus set a limit to the atmosphere ; 
and that Kmit in the case of the earth is more than 20,000 miles 
liigh. The actual height of the atmosphere is doubtless far below 
this; for there can be none above the point where the repellency 
of the particles is less than their weight; and the repellency di- 
minishes just as fest as the density, while the weight diminishes 
very slowly. The highest portions concerned in reilecting the 
sunlight are about 45 miles above the earth. But thei-e is reason 
to believe that the air extends much above that height, probably 
100 or 300 miles from the earth. 

288. The Motions of the Air. — The air is never at rest. 
When in motion, it is called wind. The eqnilibrinm of the atmo- 
sphere is disturbed by the nnequal heat on different parts of the 
earth. The air over the hotter portions becomes lighter, and is 
therefore pressed upward by the cooler and heavier air of the less 
heated regions. And the motions thus caused ai'e modified as to 
direction and velocity by the rotation of tho earth on its axis. 

289. The Trade Winds. — The most extensive and regular 
system of winds on the eartli is known by the name of the irade 
winds, so called on account of their great advantage to commerce. 
They are confined to a belt about equal in width to the tomd 
zone, but whose limits are four or five degrees further north than 
the tropics. 

In the northern half of this trade-wind zone the wind blows 
continually from the northeast, and in the southern half from the 
southeast. As these currents approach each other, they gradually 
become more nearly parallel to the equator, while between them 
there is a narrow belt of calms, in-egiilar winds, and abundant 
rains. 

The oblique directions of the trade winds are the combined 
effects of the heat of the torrid zone and the rotation of tlie earth. 
The cold air of the northern hemisphere tends to flow directly 
south, and crowd up the hot air over the equator. In like manner, 
the cold air of the southern hemisphere tends to flow directly 
northward. So that if the earth were at rest, there would be north 
winds on the north side of the equator, and soutJi winds on the 
south side. But the earth revolves on ite axis from west to east, 
and the air, as it moves from a higher latitude to a lower, has only 
so much eastward motion as' the parallel from which it came. 
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Therefore, sineo it really lias a less motion from the west than 
those regions oyer which it arrives, it haa relatively a motion/rom 
the east. This motkm from the east, compounded witli the motion 
from the north on the north side of the equator, and with that 
from the south on the south side, constitutes the northeast and 
southeast trade winds. 

The limits of this system moTe a few degrees to the north dur- 
ing the northern summer, and to the south during the northern 
winter, bnt very much less than might be expected from the 
changes in the sun's declination. 

In certain locahties within the tropics the wind, owing to 
peculiar configurations of coast and elevations of the interior, 
changes its direction periodically, blowing sis months from one 
point, and six months from a point nearly opposite, 'i^e monsoons 
of southern India are the most remarkable example. 

290, The Return Cuirrents. — The aii- which is pressed up- 
wai'd over the torrid zone must necessarily flow away northwai'd 
and southward towards the higher latitudes, to restore tlie equi- 
librium. Hence, there are south winds in the upper air on the 
nortli side of the equator, and north winds on the south side. But 
these upper currents are also oblique to the meridians, because, 
having the easterly motion of the eqnator, they move ta.ster than 
the parallels over which they successively arrive, so that a motion 
from the west is combined with the otliers, causing southwest 
winds in the northern hemisphere, and northwest in ttie southern. 
These motions of the npper air are discovered by observations 
made on high mountains, and in balloons, and by noticing the 
highest strata of clouds. It is to be borne in mind that although 
the atmosphere is more than 100 miles high, yet the lower half 
does not extend beyond three and a half miles above the eai'th 
(Art. 386). 

29L Circulation Beyond the Tirade Winda — The upper 
part of the air which flows away from the equator cannot wholly 
retain its altitude, because of the diminishing space on the sne- 
cessive pai-aJleis. About latitude 30°, it is so much accumulated 
that it causes a sensible increase of pressure (Art. 367), and begins 
to descend to the earth. It is probable that some of the descend- 
ing air still retains its oblique motion towards higher latitudes 
(for the prevaihng winds of the northern temperate zone are from 
the southwest, and of the southern temperate zone from the north- 
west), while a pai-t Joins with the lower air which is moving 
towards the equator. Only so much of the rising equatorial mass 
can ilow back to the polar regions as is needed to supply tha 
comparatively small area within them. On aecomit of the suc- 
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cessive descent of the air returning ■ from the equator, there is 
much less distinctness and regularity in the general circuhttion 
outside of the torrid zone than within it. Besides this, various 
local causes, such as mountain ranges, sea-coasts, and ocean cur- 
rente, clear and cloudy skies, &c,, mingle their effects with the 
more generaj circulation, and modify it in every possible way. 

292. Land and Sea Breezes. — These are limited cireula- 
fions over adjoining partions of land and water, the wind blowing 
from the water to the land in the day time, and in the contrary 
direction by nighi "When the sun begins to shine each day, it 
heats the land more rapidly than the water. Hence the air on 
the land becomes warmer and lighter than that on the water, and 
the surface current sets toward the land. By night tbe flow is re- 
versed, becanse the land cools most rapidly, and the air above it 
becomes heavier than that over the water. These effects are more 
striliing and more regular in tropical eoiintriea, but are common 
in neai'ly all latitudes. 

293. A Current Through a Medium. — There are some 
phenomena relating to currents moving through a fluid, cither of 
the same or a different kind, which belong alike to hydraulics and 
pneumatics ; a brief account of these is presented here. 

If a stream is driven through a medium, it carries along the 
adjoining particles by friction or adliesion. The experiment of 
Vcnturi illustrates this kind of action, as it takes place between 
the particles of water, A reservoir filled with water has in it an 
inclined plane of gentle ascent, whose summit just i-eaches the 
edge of the reservoir. A stream of water is driven up this plane 
with force sufficient to carry it over the top ; but in doing so, it 
takes out continually some part of the water of the reservoir, and 
will in time empty it to the level of the lowest part of the stream. 
A stream of air through air produces the same effect, as may he 
shown by the flame of a lamp near the stream always bending to- 
ward it. In like manner, water through air carries air with it ; 
when a stream of water is poured into a vessel of water, air is car- 
ried down in babbles; and cataracte carry down much air, which 
as it rises forms a mass of foam on the surface. The strong vrind 
from behind a high waterfiiU is owing to the condensation of air 
brought down by the back side of the sheet. 

294. Ventilators.— If the sti-eam passes aei'oss the end of an 
open tube, the air within the tube will be taken along with the 
stream, and thus a partial vacuum formed, and a current estab- 
lished. It is thus that the wind across the top of a chimney in- 
creases the draught within. To render this effect more uniformly 
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successful, by yreveiiting the wind from etriking the luti nor idgo 
of the flue, appendages, called ventilators, 
are attached to the chimney top. A sim- 
ple one, which is genei-ally effectual, con- 
sists of a conical frustum surrounding the 
flue, as in Fig. 189, so that the wind, on 
Ktriking the oblique surface, is thrown 
over the top in a curve, which is convex 
upward. The same mechanical contriT- 
ance is much used for the ventilatioa of 
public halls and Wie holds of ships. A 
horizontal cover may he supported hy rods, 
at the height of a few inches, to prevent 
the rain from entering. 

295. A Stream Meeting a Sucf^ce. — Though the moving 
fluid may be elastic, yet, when it meets a surface, it tends to /o^^om) 
it, rather than to i-ebound from it. This effect is pai-tly due to 
adhesion, and partly to the resistance of the medium in which the 
stream moves. It will not only follow a i>lane or concave surfece, 
but even one which is convex, provided the velocity of the cniTent 
is not too great, or the curvature too rapid. A stream of air, 
hlown from a pipe upon a plane surface, will extinguish the flame 
of a lamp held in the direction of the surface heyond its edge, 
while, if the lamp be held elsewhere near the stream, the flame 
will point toward the stream, according to Art. 393. Hence, snow 
is blown away from the windward side of a tight fence, and fr'om 
around trees. 

296. DiminntEon of PrdsBure on a Snr&ice. — When a 
stream is thus moving along a surface, the fluid pressure on that 
smface is slightly diminished. This is proved by many experi- 
ments. If a curved vane be suspended on a pivot, and a stream 
of air be directed tangentially along the surface, it will move to- 
ward the stream, and may be made to i-evolve rapidly by repeating 
the blast at each half revolution. What is fi-eqxrently called the 
'pneumatic paradox is a phenomenon of the same kind. A stream 
of air ia blown through the centre of a disk, against another light 
disk, which, instead of being blown (i% is forcibly held near to it 
by the means. , The pressure ia diminished by all the radial streams 
along the surface contiguous to the other disk, and the full press- 
ure on the outside preponderates. Another form of the experi- 
ment is to blow a stream of air through the bottom of a hemi- 
spherical, cup, in which a light sphere is lying loosely. The sphere 
cannot be blown out, but, on the contrary, is held in, as may be 
seen by inverthig the cup, while the blast continues. It appears 
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to be for a reason of the same sort that a baE or a ring is suBtained 
by a jet of water. It lies not on the top, but on the side of the 
jet, which diminishes the pressure on that aide of the bail, so that 
the air on the outside keeps it in contact The tangential force 
of the jet causes the body to reTolve with rapidity. A ball can be 
sustained a few inches high by a Btream of air. 

297. Vortices where the Surface Ends. — As a current 
reaches the termination of the surface along which it was flowing, 
a vortex or whirl is likely to occur in the smTonndiug medium 
behind the edge of the surface. Vortic^ are formed on water, 
whose flow is obstructed by rocks ; and often when tlie obsti'uct- 
ing body is at a distance below the surtace, the whirl which is es- 
tablished there is commuuicated to the top, so that the TOrtex la 
seen, while its cause is out of sight. There is a depression at the 
centre, caused by the centrifugal force ; and if the rotation is 
rapid, a spiral tube is formed, in which tlie air descends to great 
depths. These are called whirlpools. In a similar manner whii-la 
are produced in the air, when it pours off from a surface. The 
eddying leaves on the. leeward side of a building in a windy day 
often indicate such a movement, though it may have no perma- 
nency, the yortex being repeatedly broken up and reproduced. 

298. Vortices by Cutreuts Meeting. — But vortices are 
also formed by counteracting currents in an open medium. When 
an aperture is made in the middle of the bottom of a vessel, as the 
■water inns toward it, the filaments encounter each other, and 
usually, though not invariably, they establish a rotary motion, 
and form a whirlpool. Vortices are a frequent phenomenon of 
the atmosphere, sometimes only a few feet in diameter, in other 
instances some rods or even miles in width. The smaller ones, 
occurring over land, are called wliirltoinds; over water, water- 
spouts. Tliey probably originate in currents which do not exactly 
oppose each otlier, but act as a couple of forces, tending to produce 
rotation (Art. 54). 

The burning of a forest sometimes occasions whirlwinds, which 
are home away by the wind, and maintain their rotation for miles. 
As the pressure in the centre is diminished by the centrifugal 
force, substances heavier than air, as leaves and spray, are likely to 
be driven np in the axis, and floating substances, as cloud, y^ ill foi 
the same reason descend. The rising spray and the descendmg 
cloud frequently mark the progress of a vortex m the air as it 
moves over a lake or the ocean. Such a phenom-^non la cilled a 
water-spout. 

Por a notice of cyclones, see Part VIII, on Heat 
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CHAPTEU I. 

NATURE AND PEOPAGATION OP SOUND, 

399. Sound. — Vibrations. — The impression which the mind 
receives through the orgaa of hearing is called sound. But the 
same word is constantly used to signify that progressive vibratory 
movement in a medium by which the impression is produced, as 
when we speak of the velocity of sound. 

This is one of the several modes of motion mentioned in Art. 4 
The vibrations constituting sound are comparatively slow, and are 
often perceived by sight and by feeling as well as by hearing. For 
theee reasons, the true natnre of sound is investigated with far 
greater ease than that of Hght, electricity, &c It is not diflicult 
to discover that vibrations in the medium about lis are essential to 
hearing ; and these vibrations are always traceable to the body in 
which the sound originates. A body becomes a eoiu-ce of sound 
by producing an impulse or a series of impulses on the surrounding 
medium, and thus throwing the medium itself into motion. A 
single sudden impulse causes a KOifie,with very little continuance; 
an irregular and rapid succession of impulses, a crash, or roar, or 
continued noise of some Mnd ; but if the impulses are rapid and 
perfectly equidistant, the effect is a musical sound. In most cases 
of the last kind the impulses are Anbrations of the body itself; and 
whatever affects these vibrations is found to affect the sound em- 
anating from it ; and if they are destroyed, the sound ceases. 

If we rub a moistened finger along the edge of a tumbler 
nearly full of water, or draw a bow across the strings of a viol, we 
can procure sounds which remain undiminished in intensity aa 
long as the operation by which they arc excited is continued. In 
both cases the vibrations are visible ; those of the tumbler are 
plainly seen as erispatione on the water to which they are commu- 
nicated ; the string appears as a broad shadowy surface. If a wire 
or light piece of metal rests against a bell or glass receiver, when 
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ringing, it will be made to rattle. If sand be Etreived on a hori- 
zontal plate while a bow ia drawn across its edge, the sand will be 
agitated, and dance over the surface, till it finds certain places 
where vibrations do not exist. Near an organ-pipe the tremor of 
the air ia perceptible, and pipes of the largest size jai' the seats and 
walls of an edifice. Every species of sound maj be traced to im- 
pulses or vibrations in the sounding body. 

300. Sonorous Bodies. — IVo qnalities in a body are neces- 
sary, in order that it may be sonorous. It must liave a form 
favorable for vibratory movements, and sufficient sti-ength of elas- 
ticity. 

The favorable /ojTKs are in general rods and plates, rather than 
very comjmct masses, Uke spheres and cubes ; because the particles 
of the former are more free to i-eceive lateral movements than 
those of the latter, which are constrained on every side. But even 
a thin lamina, may have a form which allows too little freedom of 
motion, aneh as a spherical shell, in which the parts mutually sup- 
port each other. If the shell be divided, the hemispheres are 
beU-shaped and very sonorous. 

The elasticity of some materials is too imperfect for continued 
vibration ; thus lead, in whatever form, has no sonorous quality. 
In oUier cases, where the elasticity is neaiiy perfect, yet it is a 
feebh force, and hence the vibrations are slow and inaudible, 
Thus india-rubber is quite elastic, but its force is feeble, and occa- 
sions but little sound. 

301. Air as a Meclimn of Sound. — There must not only 
be a vibrating hody, as a source of sound, but a medium for its 
communication to the organ of heai-ing. The ordinai-y medium is 
air. Let a bell mounted with a hammer and mainspring, so as to 
continue ringing for several minutes, be placed on a thick cushion 
under the receiver of an air-pnmp. The cushion, made of sevei-al 
thicknesses of ■woolen cloth, is necessary to prevent communica^ 
tion through the metallic parts of the instrument As the pra- 
eess of exhaustion goes on, the sound of the bell grows fainter, 
and at length ceases entirely. I"rom this experiment we learn that 
sonnd cannot be propagated through a vacant space, even though 
it be only an inch or two in extent; and also that air conveys 
sound more feebly as it is more rare. The latter is proved hy tlie 
faintness of sounds on the tops of high mountains. Ti-avelera 
among the Alps often observe that at great elevations a gum can 
be heard only a small distance. The feet that meteoric bodies are 
sometimes lieai-d when passing over at the height of 40 or 50 miles 
does not conflict with the above statements ; for the velocity of 
meteors is vastly greater than any other velocities which occur 
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within the earth's atmosphere. On the other hand, when air has 
more tlian the natural density, it eonveye sound with more inten- 
sity, and therefore to a gi'eater distance. In a diving-bell BTtnk to 
a considerable depth a whisper is painfully loud. 

302. Veloci^ of Sound in Air. — Sound occupies an ap- 
preciable time in passing tlirough air. This is a fiict of common 
observation. Tlie flasli of a distant gun is seen before the report 
is heard. Tbunder usually foUowa lightning after an interval of 
many seconds; but if the electric discharge is quite near, the 
lightning and thunder are almost simultaneous. If a person is 
hammeiin'g at a distance, the perceptions of the blows received by 
the eye and the ear do not generally agree with each othei': or if 
in any case they do agree, it will be observed that the first stroke 
seen is inaudible, and the last one heard is invisible; for it re- 
quires just the time between two strokes for the sound of each to 
reach us. Many careful experiments were made in the 18th cen- 
tury to determine the velocity of sound ; but as the temperature 
was not recorded, they hare but little value. During the present 
century, the velocity has been determined by several series of ob- 
servations in different countries, and all reduced for temperature 
to the freezing-point. The agreement between them is very close, 
and the mean of all is 1090 feet per second at 33" P. 

303, Velocity as A&iscted. by the Condition of the Air 
and the Quality of tlie Sound. — 

Temperature affects the velocity of sound; the latter is in- 
creased about one foot (0.96 fL) for each degree of rise in tlie tem- 
perature. Therefore, in most New England climates, the velocity 
of sound varies more than 100 feet during the year on this ac- 
count. Probably the celebrated experiments of Derham, in Ijou- 
don, 1708, who made the velocity lliS feet, were performed in the 
heat of summer. 

Wind of course afiects the velocity of sound by the addition or 
subtraction of its own velocity, estimated in the same direction, 
because it transfers the medium itself in which the sound is con- 
veyed. This modification, however, ia only slight, for sound 
moves ten times faster thaai wind in the most violent hurricane. 

But other changes in the condition of the air produce little or 
no effect, S either pressure, nor moisture, nor tray change of 
weather, alters the vdoidty of sound, though they may affect its 
intensity, and therefore the distance at wMch it can be heard. 
I"alling snow and rain dbatruet sonud, but do not retard it. 

All Mnds of sound — the firing of a gun — the blow of a ham- 
mer — the notes of a musical instrument, or of the voice, liowevcr 
high or low, loud or soft, are conveyed at the same rate. That 
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sounds of different pitch are conv(„yed with flie simo -velocity 
was conclusively proved by Blot, in Paiia who caused eeveral aire 
to be played on a flute at one end of a pipe more than :J000 feet 
long, and heard the same at the othfi end distinctly, and without 
the sUghtest displacement in the order u± notes, or mteryals of 
silence between thera. 

304. The Calculated. Velocity. — For several years there 
was a lai'ge unexplained difference between tlie calculated velocity 
of sound and the actual velocity as determined by experiment 
"While the latter is, as already stated, 1090 feet per second at the 
freezing-point, calculation gave 916 feet. The difference was at 
length explained by La Place, who ascertained that it arises &om 
the heat developed in the aii' by the compression which it under- 
goes. The calculations previously made regarded the elasticity as 
varying with the density alone, according to Mariotte's law, as- 
suming that the temperature remained nnehanged. But it is a 
weU-known fact that when air is compressed, a part of ite lat«nt 
heat becomes sensible, and raises its temperatiire. If the conden- 
sation is gradual, tlie heat is radiated or conducted off, especially 
if in contact with other bodies ; but the heat developed in the 
propagation of sound has little opportunity to escape, and, though 
without continuance, it augments the elasticity of the air, so as to 
add 174 feet to the velocity of sound in it. 

305. Diffusion of Souud. — Sound produced in the open air 
tends to spread equally in all directions, and will do so whenever 
the original impulses are alike on eveiy side. But this is rarely 
the case. In firing a gun, the first impulse is given in one direc- 
tion, and the sound will have more intensity, and be heard farther 
in that direction than in others. It is ascertained by experiment, 
that a person speating in the open air can be equally well heard 
at the distance of 100 feet directly before him, 75 feet on the right 
and left, and 30 feet behind him; and therefore an aiidienee, in 
order to hear to the best advantage, should be arranged within 
limits having these proportions. But, as will be seen hereafter, 
tliis rule is not applicable to the interior of a building. 

Sound is also heard in certain directions with more intensity, 
and therefore to a greater distance, if an obstacle prevents its dif- 
fusion in other directions. On one side of an extended wall sound 
is heard further than if it spread on both sides ; still further, in an 
angle between two walls ; and to the greatest distance of all, when 
confined on four sides, and limited to one direction, as in a long 
tube. The reason in these several cases is obvious ; for a given 
force can produce a given amount of motion ; and if the motion is 
prevented from spreading to particles in some directions, it wiU 
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reach more distant ones in tbose directions in which it does spread. 
Speaking-tubes confine the moTemcnt to a slender cohimn of air, 
and therefore convey erund to great distances, and are on this ac- 
connt very useful in transmitting messages and ordere between re- 
mote parts of manufacturing educes and public houses. 

306. Nature of Acoustic Waves. — The Tihrations of a 
mtdium iu the transmission of sound are of the kind called hngi- 
tudmal ; that is, the particles vibrate longitudinally with regard 
to the movement of the sound; whereas, in water-waves, the par- 
ticle-motion is partly transverse to the wave-motion (Art. 347). 
If, for example, sound is passing from Ato B (Pig. 190), the pai- 
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tides just ibout -4 aie (att m mentiepre i ^Ij Ute of 

condensation aiound this condensed centie is a raiefied poiiion, 
then a c ndensed portion &c as maiked hv the letters j c ? c, 
r", &e. From »• to c the particles are advancing , so 1 kew e &om 
r' to c', and from r" to c". But from c to r', from c' to r", &e., 
they are rebounding. The condensed wave near B has advanced 
from ^, and others have 'followed it at equa! intervals; and be- 
tween these waves of condensation are waves of rarefaction, which 
in like manner spread outward from the centi-e A. And yet no 
one particle has any other motion than a small vibration hack and 
forth in the line, near its original place of rest The amplitude is 
the distance through which a particle vibrates. The intensity or 
loudness of sound depends on the amplitude. 

In water-waves we distinguish carefully hetween tlie motion 
of the wave and the motion of the water which forms the wave ; 
so here, the wave-motion is totally different from the motion of 
the air itself. The wave, i. e. the state of condaisation and subse- 
quent rarefaction, travels swiftly forward ; but the masses of air, 
which suffer these condensations and rai-efaetions, simply tremble 
in the line of that motion. 

Since the motion is propagated in all directions alike, the en- 
tire system of waves around the point where sound originates con- 
sists of spherical strata of air alternately condensed and raretied. 
As the quantity set in motion in theso successive layers increases 
13 
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with the equaie of the tlistanee, the amomit of motion c 
catcd to each particle must diminish in the same ratio. Hence, 
the intensity of sound varies inrersely as the square of the dis- 
tance. 

Fig. 190 is a section of a system of spherical waves around the 

A raf/ of sound is any one of the radii of the sphere whose 
centre is the source of sound. The vibratoiy motion ia propagated 
aiong each of the rays. 

307. Other Gaseous Bodies:, as Media of Sound. — Let 
a spherical receiver, having a bell Buspeiided in it, be exliausted of 
air, till the bell ceaeea to be heard; then. All it with any gas or va- 
por instead of air, and the bell will be heai-d again. By means of 
an organ-pipe blown by different gases, it can be learned with 
what velocity sound would move in each Jiind of gas Experimented 
upon, because the pitch of a given pipe depends upon t!ie velocity 
of the waves, as will be seen hei'eafter. In hydrogen sound is ex- 
ceedingly feeble, hut moves nearly tliree times as fast as in air. 
Momentary development of heat by compression produces, in all 
gaseous bodies, the effect of increasing the velocity of sound. 

308. Liquids as Media. — Many experimenters have deter- 
mined the circumstances of the propagation of sound in water, 
Trauklin found that a person with his head under water could 
hear the sotmd of two stones struck together at a distance of more 
than half a mile. In 1836, Colladon made many careful experi- 
ments in the water of Lake Geneva. The results of these and 
other trials are principally the following : 

1. Sonnda produced in the air are very faintly heard by a per- 
son in water, though quite near ; and sonnda originating under 
water are feebly communicated to the air above, and in positions 
somewhat oblique are not heard at all. 

2. Sounds are conveyed by water with a velocity of 4700 feet 
per second, at the temperature of i1° E., which is more than four 
times as great as in air. The calculated and tlie observed velocity 
of sound in water agree so nearly with each other, that there ap- 
pears to be no appreciable effect arising from heat developed by 
compression. 

3. Sounds conveyed in water to a distance, lose their sonorous 
quality. For example, the ringing of a bell gives a succession of 
short sharp strokes, like the striking together of two knife-bladea. 
The musical quality of the sound is noticeable only within 600 or 
700 feet. In air, it is well known that the contrary ta,kes place ; 
the blow of the bell-tongue is heard near by, but the continued 
musical note is all that affects the ear at a distance. 
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4. Acoustic shadows are formed; that is, sound passes the 
edges of solid todies nearly in straight lines, and does not turn 
around them except in a very slight degree. In this i-espect, 
sound in water reaemlDles light much more than it does sound iu 
air. 

To enable the experimenter to hear distant sounds without 
placing himself under water, Colladon pressed down a cylindrical 
tin tube, closed at tTie bottom, thus allowing the acoustic pulses in 
the water to strike perpendicularly on the sides of the tube. In 
this way, the faintest soiinds were brought out into the air.' It 
appears to be true of sound as of light, that it cannot pass from a 
denser to a rarer medium at large angles of incidence, but suffers 
neaily a total reflection. 

309. Solids as Media.— Sohd bodies of high elastic energy 
are the most perfect media of sound which are known. An iron 
rod — as, for instance, a lightning-rod — will convey a feeble sound 
from one extremity to the other, ■\vith much more distinetness 
ttian the air. If the ears are stopped, and one end of a long wire 
is held between the teeth, a slight scratch or blow on the remote 
end will sound very loud. The sound in this case travels through 
the wire and the bones of the head to the organ of hearing. The 
stethoscope, an instrument used by physicians for determining 
whether tlie lungs or heart have a diseased or healthy action, illue- 
trates the conduction of sound by sohds. The instrument is., a 
tubular rod of wood, one end of which is pressed upon the chest 
of the patient, while the ear is applied to the other. The move- 
ments of the vital organs are thus distinctly heai'd, and the char- 
acter of those movements readily distinguished. The sound of 
earthquakes and volcanic eruptions is transmitted to great dis- 
tances through the solid earih. By laying the ear to the ground, 
the tramp of cavalry may be heard at a much greater distance 
than through the air. 

310. Velocity in Solids.— Structure.— The velocity of 
sound in cast iron is about 11000 feet per second — ten times 
greater than in air. This was detennined by Biot, in his experi- 
ments on some aqueduct pipes in Paris, already alluded to. A 
blow upon one end was brought to an observer at the other 
through two channels, and seemed to be two blo^^s. One sound 
traveled in the air within the tube, the other in the iron itself of 
which the pipe was made. From the observed inturval of time 
between the two sounds, and the known velocity of sound in air, 
the velocity in iron is readily calculated. The pitch of sound pro- 
duced by rods and tubes of different materials, is hi'n -filtrating 
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longitudinally, enables ua to determine with tolerable accuracy the 
velocity of prop^ation in those substances respectively. 

In one important particular solids differ from fluids, namely, 
in the fixed relations of the particles among themselves. These 
relations are usually different in different directions ; hence, sound 
is hkely to be transmitted more perfectly in some directions 
through a given solid than in others. The scratch of a pin at 
one end of a stick of timber seems loud to a person whose ear is at 
the other end. The sound is heard more perfectly in the direction 
of the grain than across it. In crystallized snbstances it is unques- 
tionably true that the vibrations of sound move with different 
speed and with different intensity in the line of the axis, and in a 
line perpendicular to it. 

311. IWised Media. — In all the foregoing statements it has 
been supposed that the medium was homogeneous; in other 
words, that the material, its density, and its strncture, continue 
the same, or nearly the same, the whole distance from the source 
of sound to the ear. - If abrupt changes occur, even a few times, 
the sound is exceedingly obstructed in its progress. When the re- 
ceiver is set over the bell on the pump plate, the sound in the 
room is very much weakened, though the glass may not be one- 
eighth of an inch in thickness, and is an excellent conductor of 
sound. The vibrations of the intei'nal air are very imperfectly 
communicated to the glass, and those received by the glass pass 
into the air again with a diminished intensity. If a glass rod ex- 
tended the whole distance from the bell to the ear, the sound 
would arrive in less time, and with more loudness, than if air 
occupied the whole extent. For a like reason, walls, buildings, or 
other intervening bodies, though good conductors of sound Uiem- 
selves, otetruct the progi-e^ of sound in the air. This explains 
the fact mentioned in Art. 308, that sound in air is heard faintly 
in water, and vice versa, "When the texture of a substance is 
loose, having many alternations of material, it thereby becomes 
unfit for transmitting sound. It is for this reason that the bell- 
stand, in the experiment just referred to, is set on a cushion made 
of several thicknesses of loose flannel, that it may prevent the vi- 
brations from reaching the metallic parts of the pump. The waves 
of sound, in attempting to make their way through such a sub- 
stance, continually meet with new surfaces, and are reflected in all 
possible directions, by which means they are broken up into a 
multitude of crossing and inta-fering waves, and are mutually de- 
stroyed. A tumbler, nearly filled with water, will ring clearly; 
but if filled with an effervescing hquid, it will lose all its sonorous 
qimlity, for the same cause as before. The alternate surfeices of the 
liquid and gas, in the foam, confuse the waves, and deaden the sound. 
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CHAPTER II. 

REPLEGTION, REPRACTIOK, ASD mFLECTION OF SOUND. 

312. Esflection of Sound. — Sound is reflected from surfaces 
in aceoiiiance "with the common law of reflection in the case of 
elastic bodies; that is, 

The angle of incidence equals the angle of r^ecHon, and the two 
angles are on opposite sides of tlis perpendicular to the refiecting 

Suppose sonnd to emanate from A {Fig. 191), and meet the 
plane surface B D. The pai^ticles of air in the ray A B vibrate 
back and forth in tiiat line, 

and those contiguous to B ^^'*- ^^^ 

irill, after striking the sur- 
face, rebound on the line 
B G, as an elastic ball would 
do (Art. 103), and propa^- 
gate their motion along 
that line. The angle of 
incidence A B i^ equals the 
angle of reflection F B G, 
and the two angles are on 
opposite sides oiFB, which 
to the re- 
■ surface B D. If 
Cf B he produced back- 
ward, it will meet the per- 
pendicular A a »t G, tis 

far behind 5 Z) as J is before it. In like manner, every ray of 
sound after reflection proceeds as if from C, and the eucceseive 
waves are situated as represented by the dotted lines in the figure. 
From the point E the reflection is directly back in the line E A. 

313. Sclioes. — When sound is so distinctly reflected from a 
Bur&ce that it seems if> come from another source, it is called an 
echo. Broad and even surfaces, such as the walls of buildings and 
ledges of rock, often produce this effect. According to the law 
(Art 313), a person can hear the echo of his own voice only by 
standing in a line which is perpendicular to the echoing surface. 
In order that one person may hear the echo of another's voice, 
they must place themselves in lines making equal angles with the 
perpendicular. 
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The iiitcryal of time between a sounii anci its echo enables one 
to judge of the distance of the snrface, since the sound mnet pass 
over it twice. Thus, if at the tempsratnre of Ti" the echo of the 
speaker's voice reaches him in two eeconds after its utterance, the 
distance of the reflecting body is about 1130 feet, and in that pro- 
portion for other intervals. And be can hear a distinct echo of 
as many syllables as he can pronounce while sound travels twice 
the distance between himself and the echoing surface. 

314. Simple and Complex Echoes. — When a ecand is 
returned by one surface, the echo is called swipiejit is called 
complex when the reflection is from two or more surfaces at differ- 
ent distances, each surface giving one echo. Thus, a cannon fii'ed 
in a moantainous region, is heard for a long time echoed on all 
sides, and from various distances. 

A complex echo m&y also be produced by two parallel walls, if 
the hearer and the source of sound are both situated between 
thorn. The firing of a pistol between parallel walls a few hundi-ed 
feet apaii: has been known to return from 30 to 40 echoes before 
they became too faint to be heard. The rolling of thunder is in 
part the effect of reverberation between the eartli and the clouds. 
This is made certain by the observed fact that the report of a can- 
non, which in a level country and under a clear sky is sharp and 
single, becomes in a cloudy day a prolonged roar, mingled with 
distant and repeated echoes. But the peculiar inequalities in the 
reverberations of thunder are doubtless due in part to the iiTcgu- 
larly crinkled path of the electric spark. A discharge of lightning 
cccirpies so short a time, that the sound may be considered as 
starting from all points of its track at once. But that track is 
full of large and small eun'cs, some convex and some concave to 
the ear, and at a great variety of distance ; and all points which 
are at equal distances ivonld be heard at once. Hence, the origi- 
nal sound comes to the hearer with great irregularity, loud at one 
instant and faint at another. These inequalities are prolonged 
and intensified by the echoes which take place between the clouds 
and tlie earth. 

315. Concentrated Echoes. — The divergence of soand from 
a plane surface continues the same as befor tl t s, m sph 1 
waves, whose centre is at the same distance b 1 n 1 tl pi n as 
the real source is in front. But concave si "fae n n -al j 
dnco a concentrating effect. A sound orig n t n n tl nt 
of a hollow sphere will be reflected back to th nt f m ry 
point of the surface. If it emanates from oi f n f an 11 p 1 
it will, after reflection, all be collected at the other focus. So, if 
two concave paraboloids stand facing each other, with their axes 
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comcicleni', and a whisper is mads at the focna of oiio, it will bo 
plainly heard at the focus ef the otlier, though inaudible at all 
points between. In .the last case the sound is twice reflected, and 
passes from one reflector to the other in parallol hnea. All these 
effects are readily proved from the principle that the angles of in- 
cidence and reflection are equal. 

The spealting-trumpet and the ear-trumpet have been supposed 
by many writers to owe t!ieir concentrating power to mulUplied 
reflections from the inner surface. But a part of the effect, and 
sometimes the whole, is doubtless due to the accumulation of force 
in one direction, by preventing lateral diffusion, till the intensity 



Concave surfaces cause all tlie curious effects of what are called 
whis^ring galleries, such as the dome of St. Paul's, in London. 
In many of these instances, however, there seems to be a coniin- 
ned series of reflections from point to point along the smooth con- 
eaT6 wall, which all meet simultaneously (if the carves are of equal 
length) at the opposite point of the dome ; for the whisperer 
places his- month, and the hearer his ear, close to the wall, and not 
in a focus of the curve. The ^ar of Dionysius was probably a 
curved wall of this kind in the dungeons of Syracuse. It is said 
that the words, and even the whispers, of the pi-isoners were gath-' 
ered and conveyed along a hidden tube to the apartment of the 
tyrant. The sail of a ship when spread, and made concave by the 
breeze, has been known to concentrate and render audible to the 
sailors the sound of a bell 100 miles distant. A concave shell held 
to the ear concentrates such sounds as may he floating in the air, 
and is suggestive of tlie murmur of the ocean. 

316. Hesonancs of Rooms— If a lectangulai nrm li% 
smooth, hard walls, and is nnfumi^he 1 its reverbenti ns w 11 1 
loud and long-coutiniied. Stamp on the flooi oi mi] t any othci 
sudden noise, and its echoes passing back and forth will form a 
prolonged musical note, whose pitcli will be Icwer as the apait 
ment is lai'ger. This is called tbe ?fw?ia7<cs of tlie room Now, 
let furniture he placed around the walls and the reveiherations 
will he weakened and less prolonged Especially will this he the 
case if the articles be of the softer kinds and have l^re§uI^r sur 
faces. Carpets, enrtains, stuffed seits tipestry, and aitioles of 
dress have great influence in destroying the rescnance of a room 
The appearance of an apartment is not moie changed than is its 
resonance by furnishing it with carpet and curtains The blind, 
on entering a strange room, can, 1 y the sound of the fir^t step, 
judge with tolerable accuracy of its size and the gt-neial character 
of its furniture. 
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Thci reason why 8ii"bstimcea of loose testnre do not reflect sound 
well, is esaentially the same as what has been stated (Art, 311) for 
their not transmitting well ; they are not homogeneoua — the waves 
are reflected in all directions by successive surfaces, interfere witii 
each other, and are desti-oyed. 

317. Halls for Public Speaking. — la large rooms, such as 
churches and lecturing halls, all echoes which can accompany the 
voice of the speaker syllable by syllable, are useful for increasing 
the volume of sound ; but all which reach the hearers sensibly 
later, only prodnee confusion. It is found by experiment that if 
a sound and its echo reach the ear within one-sixteenth of a second 
of each other, they seem to be one. Hence, this fraction of time 
is called the limit of percepfihilify. Within that time an echo can 
travel about tO feet more than the original sound, and yet appear 
to coincide with it. If an echoing wall, therefore, is within 35 
feet of the si^eaker, each syllable and its echo irill reach every 
hearer within the limit of perceptibihty. The distance may, how- 
ever, he increased to 40 or even 50 feet without injury, especially 
if the utterance is not rapid. Walls intended to aid by their 
echoes should be smooth, but not too solid; plaster on lath is 
better than plaster on brick or stone ; the firet echo is louder, and 
the reverberations less. Drapery behind the speaker deprives him 
of the aid of jnst so much echoing surface, A lectnring hall is 
improved by causing the wall behind the speaker to change its di- 
rection, on the right and left of the platform, at a very obtuse 
angle, so as to exclude the rectangular comers from the room. 
The voice is in this way more reinforced by reflection, and there 
is less resonance arising from the parallelism of opposite walls. 
Paneling, and any other recesses for ornamental purposes, may 
exist in the reflecting walls without injury, provided they are not 
curved. The ceiling should not be so high that the reflecticu 
from it would be delayed beyond the limit of perceptibility. Con- 
cave surfaces, such aa domes, vaults, and broad niches, should be 
carefully avoided, as their effect generally is to concentrate all the 
Sounds they reflect. An equal diffusion of sound throughout the 
apartment, not concentration of it to particular points, is the ob- 
ject to be sought in the arrangement of its parts. 

As to distant parts of a hall for public speaking, the more com- 
pletely all echoes from them can be destroyed, the more favorable 
is it for distinct hearing. It is indeed true that if a hearer is with- 
in 35 feet of a ^Till, however remote from the speaker, he will hear 
a syllabJe, and its echo from that wall, as one sound ; but to all 
the audience at greater distances from the same wall, the echoes 
will he perceptibly retarded, and fall upon subsequent syllables. 
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thus dcstroymg distinctness. The distant walla slionid, by some 
means, be broken up into small portions, presenting surfaces in 
different directioas. A gallery may aid in effecting this ; and the 
seats of the gallery and of the lower floor may rise rapidly one be- 
hind another, so that the audience will receive directly much of the 
sound which would otherwise go to the remote wall, and be re- 
flected. Especially should no lai-ge and distant surfaces be paral- 
lel to nearer ones, since it is between parallel walla that prolonged 
reTerberation occurs. 

318. Refraction of Soimd. — It lias been ascertained by ex- 
periment that sound, like light, may be refracted, or bent out of 
ite rectilinear course by entering a substance of different density. 
If a large convex lens be formed of carbonic acid gas, by inclosing 
it in a sphere of thin india-nibber, a feeble sound, like the ticking 
of a watch, produced on one side, will be concentrated to a focal 
point on the other. In this case, the several diverging rays of 
sound are refracted toward each other on entering the sphere, and 
sfcil! more on leaving it, so that they are converged to a focus. 

319. laflection of Sound.— If aii-waves are allowed to pass 
through an opening in an obstructing wall, they are not entirely 
confined witliin the radii of the wave-system produced through 
the opening, but spread with diminished intensity in lateral direc- 
tions. The particles near 

the edges of the opening, ^^"^ ■"''^■ 

as 5 and G (Fig. 193) may 




of sound ; and if they be 
made centres of concentric 
spheres, whose radii are 
equal to the length of the 
wave, B &, or G c, and its 
multiples, then these spher- 
ical surfaces will represent 
the lateral systems of 

waves which are diffused on every side of the direct beam, S D, 
GK But the sound is in general more feeble as the distance 
from B D, or 0-E, is greater, and in certain points is destroyed by 
interference. This spreading of sound in lateral directions is 
called the inflection of sound. 

What is true of all sides of an opening is of course true -when- 
ever sound passes by the side of an obstacle. Instead of being 
limited by lines almost straight drawn from the source, as light is 
in the formation of a shadow, it bends round the edge, and is 
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heard, though more feebly, behind the iiiteiTeiiing body. It has 
been ah-eady noticed (Art. o08) that in water fcliere is 'little or no 
inflection of sound. 



CHAPTER III. 

MUSICAL SOUNDS AND MODES OF PRODUCING THEM. 

320. The Vibrations in Musical Sounds.— Wb en tlie im- 
pulses of a, sounding body upon the air arc equidistant, and of snf- 
lieient frequency, they produce what ia termed a musical sound. 
In most cases these impulses are the isochronous vihrations of the 
body itself, but not necessaiily so ; it ie found by experiment that 
blows or pulses, of any species whatever, if they are more than 
about 15 or 30 per second, and posses the property of isochronism, 
cause a musical tone. Por example, the snapping of a stick on 
the teeth of a. metallie wheel would seem as unlikely as anything 
to pi-oduce a musical sound; but when the wheel is in rapid 
motion, the succession causes a pare musical note. Equidistant 
echoes often produce a musical sound, aa when a person stamps on 
the floor of a rectangular room, finished, but unfurnished (Art. 
316). So, on a walk by the side of a long baluster fence, a sudden 
sharp sound, hke the blow of a hammer on a atone, brings back a 
tone more or less prolonged, resembling the chirp of a bird. It is 
occasioned by successive equidistant echoes from the balusters of 
the fence. A, flight of steps will sometimes produce the same 
effect, the tone being on a lower key than that from the fence, as 
it should be. 

321. The Pitch of Musical Sounde.— '^Hiat is called the 
pilch of a musical sound, or its degree of acuteness, is owing en- 
tirely to its rate of Tibration, Other qualities of sounds are due 
to other and often unknown circnmstances ; but rapidity of vibi-a^ 
tion is the only condition on which the pitch depends. In compar- 
ing one musical sound with another, if the number of vibrations 
per second is greater, the sound is more acute, and is said to be of 
a higher pilch; if the vibrations are fewer per second, the sound 
is graver, or of a lower pitch. 

322. The Monochord. — If a string of uniform size and text- 
ure is stretched on a box of thin wood, by means of a pulley and 
weight, the instrument is called a monochord, and is useful for 
studying the laws of -vibrations in musical sounds. The sound 
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9-mitted by the vibrations of the whole length of the string is 
called its fundamental sound. 

If the sti'ing be drawn aside from its straight position, and 
then released, one component of the force of tension urges every 
particle back towai-ds its place of rest ; bnt the string passes be- 
yond that place, on account of the momentum acquired, and de- 
viates as far on the other side; from which position it retarns, for 
the same reason as before, and continues thus to vibrate till ob- 
structions destroy its motion. By the use of a bow, the vibratious 
may be continaed as long as the experimenter chooses. 

The pitch of the fundamental sound of musical strings is found 
by experience to depend on three circumstances ; the length of the 
string — its weight or quantity of matter — and its tension. The 
tone becomes more acute as we increase the tension, or diminish 
either the length or the weight. The operation of these several 
circumstances may be seen in a common violin. . The pitch of any 
one of the strings is raised or lowered by turning the screw so as 
to increase or lessen its tension ; or, the tension remaining the 
same, higher or lower notes are produced by the same string, by 
applying the fingers in such a manner as to shorten or lengthen 
the string which is vibrating; or, both, the tension and the length 
of the string remaining the same, the pitch is altered by making 
' e string larger or smaller, and thus increasing or diminishing its 



i. string is said to make a single vibration in passing from the 
extreme limit on one side to the extreme limit on the other ; a 
double vibration is the motion across and back again to t|ie origi- 
ueJ position. Independently of calculation, it is easy to see tliat, 
with a given weight per inch, and a given tension, the string will 
vibrate shiver, if longer, since there is more matter to be moved, 
and only the same force to move it ; and for a similar reason, the 
length and tension being given, it will also vibrate slower, if 
heavier. On the other hand, if length and weight are given, it 
will vibrate /asier, if the tsTision is greater j because a greater force 
will move a given quantity at a swifter rate. 

323, Time of a Single Vibration. — The mathematical 
formula for the time of a vibration is the following, in which 2' = 
the time of a single vibration; I = the length of the string in 
inches; w = the weight of one inch of the string; t = the ten- 
sion in lbs. ; and g = the force of gravity = 386 inches = 33^ 
feet i;Art. 2S) ; 

T^li^.t 
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The constant factor, g, being omitted, the variation may be ex- 
pressed tbus : 

2-0:^5; that is, 
Vt 

The tir^e of a vibration varies as the length oftJie string multi- 
ped by the square root of its weightier inch, and divided by the 
square root of its tendon. 

As the distance of the string from its quiescent position does 
not form an element of the algebraic expression for the time of a 
vibration, it follows that the time is independent of the amplitude. 
Hence, as in the pendulum, the vibrations of a string, fixed at 
both ends, are performed in equal times, whether the amplitude 
of the vibrations be greater or smaller. Tt is on this account that 
the pitch of a string does not alter, when left to vibrate till it 
stops. The excursions from side to side grow less, and therefore 
the sound more feeble, till it ceases ; but the rate of vibration, and 
e the pitch, remains the same to the last. This property 
I, independent of extent of excursion, is common to 
sounding bodies generally, and is owing to what may be called th^ 
^aw of. elasticity f that the restoring force, acting on any particle, 
varies directly as its distance from the place of rest. Forexsimple, 
each particle of the string, if removed twice as far from its place 
of rest, is urged back by a force twice as great, and therefore re- 
turns in the same time. 

324. The Number of Vibrations in a Given Time.— The 
greater is the length of one vibration, the less will be the number 
of vibrations in a given time ; that is, if Jf represents the number, 

A^cc i; but as f a ^^, .-. iVo: -^. if t and iv are con- 
T Vt IV71! 

stant, N x y ; HI and t are constant, N x —— ; and if I and v) 

' \ xo 

are constant, JVoe // ; that is, 

1. Tiie number of vibrations varies inversely as the length. 

3. 2Se number of vibrations varies inversely as the square root 
of tlie weight of the string. 

3. The number of vibrations varies as the square root of the 
tension. 

Thus, the number of vibrations in a second may be doubled, 
either by halving the length of the string or by making its weight 
one-fourth as great, or, finally, by making its tension foztr times as 
.great. 

325. Vibrations of a String in Parts. — The monochord 
may be made to vibrate in parts, the points of division remaining 
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at i-est ; and this mode of vibration may even coexist with the one 
already described. Of course, the sound produced hj the parta 
will be on a higher pit«li, since they are shorter, while the tension 
and the weight per inch remain unaltered. Ifc la a noticeable fact 
that the parts are always such as will exactly measure the whole 
without a remainder. Hence the vibrating parts are either halves, 
thirds, foui-ths, or other aliquot portions. The sounds produced 
by any of these modes of vibration are called harmonics, for a rea- 
son which will appeal- hereafter. Suppose a string {Pig. 193) to 



be stretched between A and B, and that it is tlirown into vibra- 
tion in three parts. Then while A D makes its excnreion on one 
side, D G will ihove in the opposite direction, and B the same 
as A D; and when one is reversed, the others are also, as shown 
by the dotted line. In this way D and G are kept at rest, being 
urged toward one side by one portion of string, and toward the 
opposite by the next portion. But the string may at the same 
time vibrate as a,whoIe ; in which case D and will have motion 
to each side of their former places of rest, while relatively to them 
the three portions will continue their movements as before. Tlio 
points C and D are called nodes; the parts A D, D C, and C B, 
are called ventral segments. By a little change in the quickness 
of the stroke, the bow may he made to bring from the monochord 
a great number of hra-monic notes, each being due to tlie vibra- 
tions of certain aliquot parts of the string. By confining a partic- 
ular point, however, at the distance qf J, \, or other simple fraction 
of the whole from the end, the particular harmonic belonging to 
that mode of division may be sounded clear, and unminglod with 
the others. 

326. Vibrations of a Column of Air. — ^When a mn£ical 
sound is produced by a pipe of any kind, it is the column of in- 
closed air which must be regai-ded as the sounding body. A con- 
densed wave is caused, by some mode of excitation, to travel back 
and forth in the pipe, followed by a rarefied portion ; and these 
waves affect the surrounding air much in the same way as do the 
alternate excursions of a string. That it is the air, and not the 
pipe itself, which is the source of sound, is proved by using pipes 
of various materials— tho most elastic and the most inelastic — as 
glass, wood, paper, and lead ; if they are of the same form and size, 
the tone in each case has the same pitch. 

In oi-der to examine the manner in which the air-columns in 
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pipes perfoiin their v'bratioiis, it is convenient to consiiler tlmm 
in three classes : 

1st. Pipes which are closed at both ends. 

2d. Those which are closed at one end and open at the other. 

3d. Those which are open at both ends, 

327. Both Ends of the Pipe CIosecL—Supposo the ends 
of the pipe, A OS (Fig- 194), to be closed, and an impulse in some 
way to he commnnicated 
at the centime, C; then the 
motion of the colnmn will 
consist of a constant and 
regular fluctuation of the 
whole mass to and fro with - 
in the pipe, tlie air being always condensed in one half, while it is 
rarefied in tlie other. "While the condensed pulse moves from B 
to C, the point of rarefaction runs from A to 0, where they pass 
each other ; hence, at the middle of the pipe there is no change of 
density, since every degree of condensation ia at that point met by 
an equal degi-ee of rarefaction of the other half of the general 
wave. At the extremities, A and B, there is alternately a maxi' 
mum of condensation anl of ra efactio eicl 1 eing reflected and 
returning, to meet again at C F g 195 si ow? the air in a state 
of condensation at -i, ai d _ . . . 

of rarefaction at B. At 
dl points between the cen 
tre and the ends there 
alternate condensation aj 1 
Tarefaction, but in a 1 ss 
degree accoi-ding to the d stance f n t n 

On the other hand, the excursions of the paiiieled are greatest 
at G, and nothing at A and B, where all motion is pi-evented by 
the fixed stoppera by which the pipe is closed. Between the ends 
and the centre, the amplitude of vibration is gi'eater, as the dis- 
tance from the centre is less. 

The pitch of such a pipe will be lower, as the pipe ia longer, 
because the waves have a gi-eater distance to travel between the 
successive reflections, and hence there will he a smaller number 
per second. So also, lowering the temperature lowers tlie pitch, 
since the wave then travels more slowly, and suffers fewer reflec- 
tions in a second. 

328. One End of the Pips Closed, the other Open.— If, 
while the column A B \% vibrating as a whole, an aperture is made 
at the centre, or even if the pipe is divided there, so that the aper- 
ture extends entirely round it, this will not interrupt the oscilla- 
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(aon already described, because there is neither rarefaction nor 
condensation at the point 0, and hence no tendency there to lat- 
eral motion. The meaiia employed for ex- 
citing Tibrationa may therefore be applied Fie. 186. ^^ 

at the open section. Let the pipe A B (Fig. i 
196), remaining stopped at A and B, be di- j j 
Tided at the middle, G; and let the half a ~~ c 

pipe P C be removed, while the exciting 
cause remains at {Fig. 194), then the vibrations m. A C will still 
continue, and the pitch be unaltered. For now the condensed 
pulse, on reaching C, will be returned to A by the vibrating disk 
or spring which excites it, and will make a second reflection at A 
at the same instant as it would have done at B in the whole pipe 
A B ; thus the same movements are performed now in one half 
which were before performed alternately in the two. Hence it is 
that a pipe with only one end closed, and a pipe of twice its length, 
with both ends closed, give the same pitch. 

329, Both Ends of the Pipe Open. — When both ends of 
a pipe are open, it may still produce a musical tone, by having a 
node in the centre of it, thus forming two pipes like the one last 
described. "When the vibration is established in such a pipe, the 
pulses from the ends move simultaneously toward C {Fig. 197), 
and again from it after re- 
flection. Thus Cisafixed 
point, where the greatest 
condensation and rarefac- 
tion occur alternately, like 
A in Pig. 194. It there- 
fore has the same pitch m AC alone, stopped at and open at A. 
If a solid pai'tition be inserted at C, it causes no change of pitch. 

Such a pipe can produce no sound, except by the formation of 
at least one node, 

330. The Second Kind of Pipe is the Elementary 
Foim.^ — In comparing with each other the three kinds of pipe 
which have been described, it is observable that the first kind 
(stopped at both ends), and the third kind (open at both ends), is 
each a double pipe of the second kind (open at one end, and 
stopped at the other). For, if two pijffis of the second kind be 
placed with their open ends together, as we have seen, they form 
one of the first kind, and there is no change of pitch. Again, if 
the two be placed with the closed ends in contact, they form a pipe 
of the third class ; since the partition may remain or be removed, 
without affecting the mode of vibration. Hence, a pipe open at 
both ends, and one of the same length closed at both ends, each 
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yields the same fundamental note as a pipe of half their length, 
open only at one end. 

331. Vibrations of a Column of Air in Parts.— The 
Biime is true of a colunin of air as of a string, that it may vihi-ate 
in parts ; and also, that two or more modes of vihraticn may co- 
exist in the same columm 

Thejirsi and third kmds of pipe can diyide bo that the whole 
and the vibrating segments have the ratios of 1 : i : ^ ; &c ; these 
lafcios in the closed pipe are shown in Figs. 194, 198, and 199 ; and 
in the open pipe in Figs. IQ? and 200. In Pig. 198 the pipe is 
divided into two equal 

parts, in each of which ^^"^ ^''^ 

the vihrations take place 
in the same manner as in 
the whole, Fig. 194. 
Condensations rim si- 

mnlteneouely from A and B to the middle point C, and tlienec 
hack to A and B. When C is condensed, A and B are rarefied ; 
and when A and B are condensed, C is rarefied. Those three 
points ha^e no amplitude, but the greatest changes in density. 
put the points midway between have the greatest amplitude, and 
no change of density. As the waves run over the parts in half 
the time that they Tvonld over the whole, the pitch is i-aised accord- 
ingly. In this mode of vibrating, the opening where the vibra- 
tions are excited cannot be at C, where the node is formed. 

In Fig. 199 are shown 
three vibrating segments. ^^- '^^^■ 

B and D are condensed at 
one moment, A and S at 



In the tliird kind, as 
already stated (Art 329), there must he at least one node. "When 
there are two, it is apparent by Fig. 300 that tlioy must be one- 
foitrth of the length from 
each endjin orderthatthe 
three parts may vibrate in 
unison; for the middle 

part is a complete segment, j===--==-^=--=-=--^-=====----^----====^ 
like the pipe A B (Fig. 

194), while the ends ai-e half segments, like the pipe A C (Fig. 
196). If there were three nodes, there would be two complete 
segments between them, and two half segments at the ends. It is 
evident that the lengths of the half segments, being J, \, J, &c., 
are as 1, ^, -J, &c., of the whole pipe; therefore the rates of vibra- 
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tioii (being inversely as the lengths) are as tho luimbers 1, 3, 3, 



III the second kind of pipe the ratios of length for s 
odes of vibratloG are 1 : -J : ^, &c. The simplest division is by 



s in Kg. a 



one uode, a third of the length from the o 
Then C D,a, half segment, and A J), a com- 
plete segment, have the same rate of vibra- 
tion. If tliere wei-e two nodes, one must 
be a fifth from the open end, while the 
other divides the remainder into two com- 
plete segments. Therefore, in the several 

modes of vibration of the second kind of pipe, tlio half segments, 
being 1, ^, i, &c., of the whole lengtli, the rates of vibration in 
them are aa tlia odd numbers 1, 3, 5, &c. 

332. Modes of Bxoiting Vibrations in Pipes..— There 
are two methods of making tlie air-column in a pipe to vibrato: 
one by a stream of air blown across an orificQ in the pipe, the 
other by an elastic plate csdled a reed. A familiar example of the 
first ia the^M^e, A stream of air from the lips is directed across 
the embouchure, so as just to strike the opposite edge ; this canses 
a wave to move throngh the tnbe. The stream of air, like a spring, 
vibrates so ae to keep time with the movement of the wave to and 
fro, while at each pulse it renews that movement, and makes the 
sound continuous. For higher notes, the stream must be blown 
more swiftly, that by its greater elastic force, it may be able to 
confonn to the more rapid vibration of the column. A large pro- 
portion of the pipes of an organ ai-e made to produce musical 
tones easentially in the same way as the flute, and ai-e called mouth- 
pipes. 

Fig. 203 shows the construction of the month-pipe of an organ ; 
S is the mouth ; and as the stream of air issues fi-om ^^^ ^^ 
the channel i, it starts a wave in the pipe, aiid then 
the stream itself vibrates laterally past the lip 5, keep- 
ing time with the successive returns of the wave in 
the pipe. The pipe is attached to the wind-chest by 
the foot P. 

The clarinet is an example of vibrations in an air- 
column by a reed. In that instrument the reed is 
often made of wood ; when the air is blown past its 
edge into the tnbe, the reed is thrown into vibration, 
and by it tlie column of air. The strength of elasticity 
in the reed should be such that its vibrations will keep 
time with the excursions of the wave in the column. 
What are called the reed pipes of the organ are con- 
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Btructed on the same principle, but the reeds are metallic. An ex- 
ample is seen in Fig. 303, which represents a model of the reed 
pipe, made to show the vibrations through the _ 

gkaa walls- at E. A chimney, H, is usually 
attached, sometimes of a form (as in the figure) 
to increase the loudness of tbe sound, and 
sometimes of a different form, for softening it. 

333. Vibrations of Rods and Lam- 
incB. — A plate of metal called a reed is much 
used for musical purposes in connection with 
a column of air, ae already stated. Except m 
such connection, the sounds of wires and km- 
iuEe are generally too feeble to be employed in 
music. But their vibrations have been much 
studied, on account of the interesting j h 
nomena attending them. 

334. Wires. — If one end of a steel ^ ire 
is fastened in a vise and vibrated, while a thin 
blade of sunlight falls across it, the path of the 
illuminated point may be traced. It ia not 
ordinarily a circular are about the fixed point 
oa a centre, but some irregular figure; and 
frequently the point describes two systems of elhpsi.e, the vibra- 
tions passing alternately from one system to the other several 
times before running down. If the structure >f the wiie were the 
same in every part across its section, and if the fastening pressed 
equally on eveiy point aixjund it-, the orbit of each purtiele ivould 
be a series of ellipses, whose major axes aie on the simc line. If, 
moreover, there was no obstruction to the motion and the law of 
elaeticity could obtain perfectly, it would vibiate in the same 
elliptic orbit forever, the force toward the centre bpnig directly 
as the distance. It is easy to cause tha "« ire m the experiment 
just described, to vibrate also in parts ; in which case each atom, 
whUe describing the eUiptic orbit, will perform sei°ral smaller 
circuits, which appear as waves on the cireumfeience of the larger 
figure, 

335. Chladni's Plates. — If a square plite of glass or elastic 
metal, of uniform thickness and density, 1 e fistened b> its centre 
in a horizontal position, and a how be drawn on its edge, it will 
emit a pure musical tone; and by varying the action of the bow, 
and touching different points of the edge with the finger, a variety 
of sounds may be obtained from it. The plate necessarily vibrates 
in parts ; and the lowest pitch is produced when tliere are two 
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nodal lines pniallel to the sides, aiid crossing at the centre, thns 
dividing the plate into four square ventral segments. The posi- 
tion of the nodal lines, and the forms of the segments, are beauti- 
fully exhibited by sprinkling writing-sand on the plate. The par- 
ticles will dance about rapidly till they find the lines of i-est, where 
they will presently be collected. For every new tone the sand will 
show a new arrangement of nodaJ lines ; and as two or more 
modes of vibration may coexist in plates, as well aa in strings and 
columns of air, the resultant nodes will also be rendered visible. 
Again, by fiistening the plate at a different point, etiil other ar- 
rangements wiU take place, each distinguishable by the position 
of its nodal lines and the pitch of its musical note. The foim of 
the plate itself may also be varied, and each form will be charac- 
terized by its own peculiar systems. Chladni, who first perfoiTaed 
these interesting experiments, delineated and published the forms 
of ninety different systems of vibration in the square plate aloiie. 

If a fine liglit powder, as lycojjodium (the pollen of a species 
of fern), be scattered on the plate, it is afiected in a very different 
manner from heavy sand. It will gather into rounded heaps on 
those portions of the segments which have the greatest amplitude 
of vibration ; the particles which compose the heaps performing a 
continual circulation, down the sides of the heaps, along the plate 
to tbs centre, and up the axis. If the vibration is violent, the 
heaps will be thrown up from the plate in little clouds over the 
portions of greatest motion. The cause of this singular effect was 
ascertained by Faraday, who found that in an exhausted receiver 
the phenomenon ceased.' It is due to a circulation of the air, 
which, lies in contact with a vibrating plate. The air next to 
those parts which have the greatest amplitude is at each vibration 
thrown upward more powerfully than elsewhere, and surrounding 
particles press into its place, and thus a circulation is established ; 
and a tine light powder is more controlled by these atmospheric 
movements than by the direct action of the plate. 

336. Bells. — If a thin plate of metal takes the form of a cyl- 
inder or hell, its fundamental note is pro- ^^^ ^f^^ 
duced when each ring of the material 
changes from a circle tc an ellipse, and 
then into a second ellipse, whose axis is 
at right angles to that of the former, as seen 
in Fig. 304. It thus has four ventral seg- 
ments and four nodal lines, the latter 
lying in the plane of the axis of the bell 
or cylinder. If the rings which compose 
the hell were all detached from one an- 
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other, they would have different rates of Tihration awording to 
their diameter, and hence ivould produce tones of various pitch ; 
but, being bound together by cohesion, they are compelled to keep 
the same time, and hence give but one fundamental tone. But a 
bell, especially if quite thiu, may be made to emit a series of har- 
monic sounds by dividing up into a gi-eater number of segments. 
It IS obvious that the number of nodes must always be even, be- 
cause two sneeesaive segmente must move in opposite dii'ections 
in one and the same instant ; otherwise the point between them 
could not be kept at rest, and therefore would not be a node. Be- 
sides the principal tone of a chtirch-bell, one or two subordinate 
sounds on a different pitch may \i8nally be detected. A glass bell, 
Buitably mounted for the lecture-room, will yield tm or twelve 
harmonica, by means of a bow drawn on its edge. 

337. The Voice. — The vocal organ is complex, consisting of 
a cavity oalled the larynx, and a pair of membranous folds like 
valves, having a narrow opening between them ; this opening, 
called the glottis, admits the air to the larynx fram the wind-pipe 
below. The edges of these valves are thickened into a sort of 
cord, and for this reason the apparatus is called the vocal cords. ' In 
the act of breathing, the folds of the glottis lie relaxed and sepa- 
rate from each other, and the air passes freely between them, with- 
out praducing vibration. But in the effort to form a vocal sound, 
they approach each other, and become t^nse, so that the current 
of air throws them into vibration. These vibrations are enforced 
by the consequent vibrations in the air of the laiynx above ; and 
thus a fullness of sound is produced, as in many musical instru- 
ments, in which a reed, and the air of a cavity, perform synchro- 
nous vibrations, and emit a much loudei" sound than either could 
do alone. If two pieces of thin india-rubber be stretched across 
the end of a tube, with their edges parallel, and st 
narrow space, as represented in Fig. 305, the ar- 
rangement will give an idea of the larynx and 
glottis of thevocal organ. If air be forced through, 
a sound is produced, whose pitoh depends on the 
size of the tube and the tension of the valves. 

The natural key of a person's voice depends on 
the length and weight of the vocal cords, and the 
size of the larynx. The yielding nature of all the 
parts, and the ability, by muscular action, to change 
the form and size of the cavity and the tension of the \al 
great variety to the pitch, and the power of adjusting it with pre- 
cision to every shade of sound within certain limits. No instru- 
ment of human contrivance can be brought into comparison with 
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tlie organ of voice. After tlie voice is formed by its appropriate 
organ, it undergoes various modiflcationSj by means of the palate, 
tlie tongue, the teeth, the lips, and the ijosc, before it ia uttered in 
the form of articulate speech. 

338. The Oi^ian of Hearing.— The principal parts of the 
ear are the following : 

l.The outer ear, HI a (Fig. 200), ■terminating at the membrane 
of the tympanum, m. 

Fig. 203. 



<^. 



g. The fi/mpanum, a cavitj separated fiom the outer ear by a 
membrane, m, and contammg a series of four very small bones 
{ossicles), i, c, 0, and s, severally called, on account of their form, 
the hammer, the aniil, the iall, and the itit rup. The figure rep- 
resents the ■walls of the tympanum as mostly removed, in order to 
shoTV the internal parts, , This cavity is connected with the back 
part of the mouth by the Eustachian tube, d. 

3. The labyrinth, consisting of the vestibule, v, the semidreular 
canals, f, and the cochlea, g. The latter is a spiral tube, winding 
two and a half times round. The parts of the labyrinth are exca- 
vated in the hardest bone of the bodj The figuie shows only its 
exterior. There are two oiificea thiongh the bone which separates 
the labyrinth from the tympanum the lound entire e, piSBing 
into the cochlea, and the oval orifice, s leading to the m. tihule 
These orifices are both closed by i thin membiine The ossicles 
of the tympanum form a chain which connects tbe centie of the 
membrane, m, with that which clces tne oval oiihco The lab>- 
rinth is filled with a liquid, m \inous partb of which Sc it the 
fibres of the auditoiy neiwe 

By tlie form of the outer ear the wavo aie cone ntiited upon 
the membrane of the tympanum thence convened through the 
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cliaiii of boncg to ilie momLraue of the kbj'riiith, and by that to 
the Uqnid wiUnu it, and thus to the auditory nei-\-e, whose fibres 
lie in the liquid. 



CHAPTER IV. 

MUSICAL SCALES,— THE KELATIONS OP MUSICAL SOUNDS, 

339. Nttmerical Relations of the Notes.— To obtain the 
series of notes which compose the common scule of musicj it is 
conveuieiit tu ase the monochord. Oiiiling the soimd, which is 
given by the whole leugtli of the string, the fundamental, or hey 
note, of the scale, we measure off the following fractions of the 
whole for the successive notes, namely : %, i, |, §, 3, .^, J. If the 
whole, and tliese fractions, are made to vibrate in order, the ear 
will recognize the sounds as forming the series called the gamut, 
or diatomc scale. And the interval between the fundamental and 
each of the others is named according to its distance inclusively. 
Thus, the antei-val from the whole (~ 1) to |, is called the second; 
from 1 to |, the tMrd, &c. ; therefore, from 1 to |-, the eighth, or 
octave. Now, as the number of vibrations varies inveraely as the 
length of the string, tlie numbers corresijonding to the notes re- 
spectively, are expressed by the same fractions inverted, 1, |, f, |, 
Ij Ij -if 3. Reducing these to a common denominator, and nsing 
the numerators (since they have the same ratios), we hare tlie fol- 
lowing aeries, 34, ^1, 30, 33, 36, 40, 45, 48, to express in the Am- 
plest manner the relative numbers of vibrations in the notes of 
the scale, however produced. The sounds represented by these 
numbers are not arbitrarily chosen to form the scale, brtt they are 
demanded by the ear, and constitute the basis of the music of all 
ages and nations. 

340. Interval of the Second. — In examining the relation 
of each two successive numbers in the foregoing series, we find 
tbree diff'erent ratios. Thus, 

27 : 34, 36 : 32, and 45 : 40, is each as 9 : 8. 

30 : Sr and 40 : 36, 10 : 9. 

33 : 30 and 48 : 45, 16 : 15. 

Therefore, of the seven intervals, called the second, in the dia- 
tonic scale, there are three equal to |, two equal '-^, and two others 
equal to i2. Each of the first five is called a ma^or second, or a 
tone; each of the last two is called a minor Si ' 



:yGoogle 



THE DIATONIC SCALE. 215 

One of the larger tones exceeds one of the smaller by f J ; for 
I -;- 'Y — ,f-J- This small interval, ^}j, is called a comma, and is 
employed as a measuring unit in estimating the relations of inter- 
vals. The minor second, though called a semitone, is in fact 
more than half of either kind of major second. 

341. Repetition of the Scale. — The eighth note of the 
scale 80 much resembles the first in sound, that it is regarded as a 
repetition of it, and called by the same name. Beginning, there- 
fore, with the half string, where the former series closed, let us 
consider the sound of that as the fundamental, and take | of it 
for the second, f of it for the third, &c.; we then close a second 
series of notes on the quarter-strirfg, whose sound is also consid- 
ered a repetition of the former fundamentaL Each fi'action of 
the string used in the second scale is obviously half of the corre- 
sponding fraction of the whole sti'iug, and therefore its note an 
octave above the note of that. This process may be repeated in- 
definitely, giving the second octave, third octave, &c. Ten or 
eleven octaves comprehend all sounds appreciable by the human 
ear ; the vibrations of the extreme notes of this entire i-ange have 
the ratio of 1 : 3'°, or 1:2"; that is, 1 : 1024, or 1 ; 204a Hence, 
if 16 vibrations per second produce the lowest appreciable note, 
the highest varies from 16,000 to 33,000. It was ascertained .by 
Dr. Wollaston that the highest limit is different for difierent ears; 
so that when one person complains of tlie piercing shrillness of a 
sound, another maintains that there is no sound at aU. The 
lowest limit is indefinite for a different reason ; the sounds are 
heai-d by all, but some will recognize them as low musical tones, 
Tvhile others only perceive a rattling or fluttering noise. Few mu- 
sical instruments comprehend more than six octaves, and the 
human voice has only from one to three, the male voice being in 
pitch an octave lower than the female. 

342. Modes of Hamiug the Notes. — There ia one system 
of names for the notes of the scale, which is fixed, and another 
which is movable. The first is by the seven letters, A, B, C, D, E, 
F, Q. The notes of the second octave are expressed by the same 
letters, in soma way distinguished from the former. The best 
method is to write by the side of the letter the numeral expressing 
that index of 3, which corresponds to the octave: as J^, j4^, &c., 
in the octaves above; A^, A in those below. 

The second mode of designation ia by the syllables, do, re, mi, 
fa, sol, la, si. These express merely the relations of notes to each 
other, do always being the fundamental, re its second, mi its third, 
&c. In the natural scale, do is on the letter C, re on D, &c. ; but 
by the aid of interpolated notes, the scale of syllables may be 



:yGoogle 



transferred, so as to begin successiTcly with every letter of tlie 
fixed scale, 

343. The Chromatic Scale. — Let the notes of the diatonic 
Ecale be represented (Fig. 207) by the horizontal lines, C, D, &o.; 
the distance from C io D being a tone, from D ix> E a. _ 
tone, jfi' to /' a semitone, &c. It wilt be observed that 
the fundamental, C, is so situated that there are two 
whole tones above it, before a semitone occurs, and then 
three whole tones before the next semitone. Cis there- 
fore the letter to be called by the syllable do, in order to 
bring the first semitone between the 3d and 4th, and 
the other semitone between the Tth and 8th, as the 
figure represents them. !N"ow, that we may be able to 
transfer the scale of relations to every part of the fixed 
Bcale (which is necessary, in onler to vary the character 
of music, without throwing it beyond the reach of the 
voice), the whole tones are bisected, and two semitone 
intervals occupy the place of eaoh. The dotted lines in 
the figure show the places of the interpolated not«s, 
which, with the original notes of the diatonic scale, di- 
vide the whole into a series of semitones. This is called 
the chromaiie scale. The interpolated note between G 
and B is written CJ {G sharp), or jDt (-P flat), and so 
of the others. As the whole tones lie in groups of iwos 
and threes, so the new notes inserted are grouped in the 
same way. This explains the arrangement of the Had; 
heys by twos and threes alternately in the key-hoard of the organ 
and piano-forta The white keys compose the diatonic scale, the 
white and black keys together, the chromatic scale. It is obvious 
that on the chromatic scale any one of the twelve notes which 
compose it may become do, or the fundamental note, since the re- 
quired series, 3 tones, 1 semitone, >) tones, 1 semitone, can be ar- 
ranged to succeed each other, at whatever note we begin the 
reckoning. This change, by which the fundamental note is made 
to fall on different letters, is called the transposition of the scale. 

344. Chords and Ciscoirds. — "When two or more sounds, 
meeting the ear at once, form a combination which is agreeable, 
it is called a chord ; if disagreeable, a discord. The disagreeable 
quality of a discord, if attended to, wiU be perceived to consist in 
a certain roughness, or harshness, however smooth and pure the 
simple sounds which are combined. On examining the combina^ 
tions, it will be found that if the vibrations of two sounds are in 
some very simple relations, as 1 : 2, 1 : 3, 3 : 3, 3 : 4, &a, they pro- 
duce a chord; and the lower the terms of the ratio, the more per- 
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fjct the cliord. On the other hand, if the numbers necessary to 
express the relations of the sounds are large, as 8 : 9, or 15 : 16, a 
discord is produced. It appears that ooncoi'dant sounds haveyre- 
qumt coincidences of vibrations. If, in two sounds, there is coin- 
cidence at every vibration of each, then the pitch is the same, and 
the combination is called wnison. If eveiy vibration of one coin- 
cides vrith every alternate vibration of the other, the ratio is 1 : 2, 
aud the chord is the octave, the most perfect possible. The fifth is 
the next most perfect chord, where every secx>nd vibration of the 
lower meets every third of the higher, 2 : 3. The/o«rtA, 3 : 4, the 
major third, 4 : 5, the minOr tliird, 5 : C, and the swiA, 3 : 5, am 
reckoned among chords; while the second, %:^,&'aA&6 seventh, 
8 : 15, are harsh discords. What is called the common chord con- 
sists of the 1st, 3d, and 5th, combined, and is far more used in 
music than any other. Harmony consists of a succeseion of chordsf 
or rather, of such a succession of combined sounds as is pleasing 
to the ear; for discords are employed in musical composition, 
their use being limited by special rules. Many combinations, 
which would be too disagreeable for the ear to dwell upon, or to 
finish a musical period, are yet quite necessary to produce the best 
effect; and without tiie relief which they give, perfect hannouy, 
if long continued, would satiate. 

345. Temperament. — This is a term applied to the small 
errors introduced into the notes, in tuning an instrument of fixed 
keys, in order to adapt the notes equally to the sevei'al scales. If 
the tones were all equal, and if semitones were truly half tones, no 
such adjustment of notes would be needed; they would all be ex- 
actly correct for every scale. Representing the notes in the scale 
whose fiindamental is C by the numbers in Art. 339, we have, 

G, D, E, F, 0, A, B, G.i, D.j, E.^, &c. 
24, 27, 30, 32, 36, 40, 45, 48, 54, 60, &e. 

Now suppose we wish to make D, instead of C, our key-note ; 
then it is obvious that E will not be exactly correct for the second 
on the new scEde. For the fundamental to its second is as 8 to 9 ; 
and 8 : 9 : : 37 : 30.375, instead of 30. Therefore, if D is the key- 
note, we must have a new E, sliglitly above the E of the original 
scale. So we find that A, represented by 40, will not serve to be 
the 5th in the new scale; since 2 : 3 : : 27 : 40.5, which is a little 
higher than A {-— 40). After adding these and other new notes, 
to render the intervals all exactly right for the now key of D, if 
we proceed in the same manner, and make E (— 30) our key-note, 
and obtain its second, third, &c., exactly, we shall find some of 
them differing a little, both from those of the key of C, and also. 
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of the key of D. Using in tliis way all the twelve notes of the 
chromatic scale in succession for the fundiimental, it appears that 
seteral different E's, F'a, Q's, &c,, are required, in order to make 
each scale perfect. In iiiBtruments, whose sounds cannot he mod- 
ified hy the performer, like the organ and piano-forte, as it is con- 
sidered impossible to insert all the pipes or strings necessary to 
render every scale perfect, snch an adjustment is made as to dis- 
tribute these errors equally among all the scales.. For example, E 
is not made a perfect third for the key of G, lest it should be too 
im/perfed for a second in the key of D, and for its appropriate 
place in other scales. It ia this equal distribution of errors among 
the several scales which is called temperament. The errors, when 
thns distriboted, are too small to he observed by most persons; 
whereas, if an instrument was tuned perfectly for any one scale, 
all others would be intolerable. 

The woi-d temperament, as above explained, has no application 
except to instruraente of fixed keys, ae the organ and piano-forte ; 
for, where the performer can^ontrol and modify the notes as he is 
playing, he can make,,eTery key perfect, and then there are no 
errors to be distributed. The flute-player can roll the flnto 
slightly, and thus humor the sound, so as to cause the same 
fingering to give a precisely correct second for one scale, a correct 
tTiiTd for another, and so on. The player on the violin does the 
same, by touching the string in points slightly different. The or- 
gans of the voice, especially, can be adjusted to make the intervals 
perfect on every scale. In these cases there is no tempering, or 
dividing of errors among different scales, but a perfect adjustment 
to each scale, by which all error is avoided. 

346. HanuonicS- — The fact has been mentioned that a string, 
or a column of air, may vibrate in parts, even while vibrating as a 
whole. It only remains to show the musical relations of the 
sounds thus produced. When a string vibrates in parts, it divides 
into halves, thirds, fourths, or other aliquot parts. Now, a half- 
string produces an octave above the whole, making the most per- 
fect chord with it. The third of a string being two-thirds of the 
half-string, produces the $fth above the octave, a very perfect 
chord. The quartei-stnng gives the second ortave, the fifth part 
of it, being | of the quaiter, gives the majoi third above the 
second octave ; and the sixth ptrt, being % of the quarter gives 
the fifth above the second oita\e Thus, ill the simpler divisions, 
which are the ones most likely to occur are such as produce tiie 
best chords; anditisfoi this lea&on that the soundb are called 
harmonics. The sime is true of air columns and belli The 
.ffiohan hai-p furnishes a beautiful i,xaniple ol tlie hiimcnics of a 
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string. Two or more fine smoofcli cords are fastened upon a bos, 
and tuned, at suitable intervals, like tbe strings of a violin ; and 
the box is placed in a narrow opening, where a current of air 
passes. Each string at different times, according to the intensity 
of the breeze, will emit a pure mnsieal note ; and, with every 
change, will divide itself in a new mode, and give another pitch, 
while it will frequently happen that the vibrations of different 
divisions will coexist, said their hannoaic sounds mingle with each 
other, 

347. Overtones. — But the parts into which a sounding body 
divides do not always harmonize with the whole. !For instance, ?,- 
or j't of a string is discordant with the fundamental. The word 
harmonics is not, therefore, applicable except to a vury few of the 
many possible sounds which a body may prodvice. The word 
overtone is used to express in general any sound whatever, given 
by a part of a sounding body. A string may furnish 30 or 30 
overtones, but only a small number of them would be harmonics. 

348. Quality of Tone. — Even when the pitcli of two sound- 
ing bodies is the same, the ear almost always distinguishes one 
sound from tbe other by certain qualities of tone pecuhar to each. 
Thus, if the same letter be sounded by a flute and the string of a 
piano, each note is easily distinguished from the other. Two 
church-bells may be upon' the same key, and yet one be agreeable, 
and the other hai-sh to the car. Wbile these great diversities ruay 
to some extent be due to circumstances not yet discovered, still it 
is certain that they in no small degree arise from the vibrations 
of various parts mingling with those of the fundamental sound. 
A long monochord can, by varying the mode of exciting the vibra- 
tions, be made to yield a great variety of sounds, while there is 
perceived in them all the same fundamental undertone which de- 
termines the pitch. If the string be struck at the mi(^(7fo,then no 
node can be formed at that point; hence, the mixed sound will 
contain no overtones of the ^, ^, J, J, i"];, or other even aliquot 
parts of the string ; for all such would require a node at the mid- 
dle. But if struck at one-third of its length fram the end, then 
the overtones, ^, \, &c, may exist, but not those of I, I, ^, or any 
other parts whose node would fall at \ of the length from the 
end. 

For reasons which are mostly unknown, some sounding bodies 
have their fundamental aecompaniod by harmonic overtones, and 
others by overtones which are discordant. And this is one cause 
of the agreeable or unpleasant quality of the sounds of differcnt 
bodies. 
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349. Commmiication of Vibrations. — The acoustic vibra- 
tions of one body are readily communicated to others, which are 
near or in contact. We have already noticed that the vibrations 
of a reed will excite those of a cohimn of air in a pipe. If two 
strings, which are adapted to vibrate alilie, are fastened on the 
same box, and one of them is made to sound, the other will sound 
also more or less loudly, according to the intimacy of their connec- 
tion. The vibrations are communicated partly through the air, 
and partly through the materials of the box. So, if a loud sound 
is uttered near a piano-forte, several strings will he thrown into 
vibration, whose notes are heard after the voice ceases. The no- 
ticeable fact in all sach experiments is, that the vibrations thus 
communicated from one body to another cause sounds which liar- 
monize with each other, and witli the original sound. For the 
rate of vibration will either be identical, or have those simple re- 
lations which are expressed by the smallest numbers. Let a per- 
son hold a pneumatic receiver or a large tumbler before liim, and 
utter at the mouth of it several sounds of different pitch ; and he 
will probably And some one pitch which will be distinctly tem- 
forced by the vessel. That particular note, which the receiver by 
its size and foi-m is adapted to produce, will not be called fortli by 
a sound that would be discordant with it. The melodeon, scr- 
aphine, and instruments of like character, owe their full and bril- 
liant notes to reeds, each of which has its cavity of air adapted to 
vibrate in unison with it. It sometimes happens tliat'the second 
body, vibrating as a whole, ^vould not harmonize with the first, and 
yet will give the same note by some mode of division. Thus it is 
that all the various sounds of the monochord, and of the strings 
of the viol, are reinforced by the case of thin wood upon whieli 
they are stretched. The plates of wood divide by nodal lines into 
some new arrangement of ventral segments for every new sonnd 
emitted by the string. In like manner, the pitch of the tuning- 
fork, and all the rapid notes of a masic-box, are rendered loud and 
full by the table, in contact with which they are brought The 
extended material of the table is capable of division into a great 
variety of forms, and will always give a sound in unison with the 
instiiiment which touches it. 

350. One System of Vibrations Controlling Another. — 

If two sounding bodies are nearly, but not precisely on tlie same 
key, they will sometimes, when brought into close contact, be 
made to harmonize perfectly. The vibrations of the more power- 
ful will be communicated to the other, and control its movements 
BO that the discordance, which they produce when a few inches 
apart, will cease, and concord will ensue. Two diapason pipes of 
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an organ, tnned a qnarter-tono or even a semitone from unison, so 
as to jar disagreeably upon the ear, when one inch or more asun- 
der, will be in perfect unison, if they are in contact thi-ough their 
whole length. Even the slow oscillations of two watches will in- 
fluence each other ; if one gains on the other only a few beats in 
an hour, then, if they are placed side by side on the same boaixl, 
they will beat precisely together- 
SSI. Crispations of Fluids. — Among the numerous acous- 
tic experiments illustrating the communication of yibrations, none 
are moi-e beautiful than those in which the vibrations of glass rods 
are conveyed to the surface of a fluid. Let a very sliallow pan of 
glass or metal be attached to the middle of a thin bar of wood, 
three or four feet long, and resting near, its ends on two fixed 
bridges ; let water be placed in the pan, and a long glass rod 
standing in it, or on the wood, be vibrated longitudinally, by 
drawing the moistened fingers down upon it; the liquid immedi- 
ately shows that the vibrations are communicated to it. The sur- 
face is covered with a regular arrangement of heaps, called crispa- 
tions, which vary in size with the pitch of sound, which is produced 
by the same vibration. If the pitch is higher, they are smaller, 
and may be readily varied from three or four inches in diameter to 
the fineness of the teeth of a file. Crispations of the same charac- 
ter are also formed in clusters on the water in a large tumbler or 
glass receiver, when the finger is drawn along its edge ; every ven- 
tral segment of the glass produces a groiip of hillocks by the side 
of it on the surface of the water. 

352. Interfereuce of Waves of Sound, — Whenever two 
sounds ai'e moving through the air, every particle will, at a given 
instant, have a motion which is the resultant of the two motions 
wliich it would have had if the sounds were separate. These mo- 
tions may conspire, or they may oppose each other. The word in/- 
terference is used in scientific language to express the rusuUmit 
effect, whatever it may be. The beats, which are frequently heard 
in listening to two sounds, indicate the points of maximum con- 
densation produced by the union of the condensed parts of both 
systems of waves. And the sounds are considered discordant when 
these beats are just so frequent as to produce a disagreeable flut- 
tering or rattling. If too near or too far apart for this, they are 
regarded practically aa concordant. And when the beats are too 
close to be perceived separately, yet the peculiar adjustment of 
condensations of one system with those of the other, aocording as 
one wave measures two, or two waves measure three, or four 
measure five, &c., is at once distinguished by the ear, and recog- 
nized as the chord of the octave, tho fifth, the third, &c. When tk 
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sound and its octave are advancing together, there are instants in 
which any given particle of air ia impressed with two opposite mo- 
tions, and other alternate momenta when both motions are in the 
same direction. For the waves of the highest sound are half as 
long as those of the lowest; hence, while every second condensa^ 
tion of the former coincides with everi/ condensation of the latter, 
the alternate ones of the former must be at the points of greatest 
rarefaction of the latter; and this cannot occur without opposite 
movements of tlie pai-ticles. If two simultaneous sounds have the 
same pitch, i. e., the same length of wave, they ordinarily run to- 
l/etker, so that like phases in the two systems are coincident, and 
the compound sound {called unison) simply has twice the londnesa 
of one of them alone. But, hy a delicate mode of experiment, one 
of these two systems of "fraves, having equal lengths, and equal in- 
tensities, may be maiie to fall half a wave behind the other, in 
which case opposite phases coincide, and the two sounds destroy 
each other. Thus, two sounds produce silence, on, the same prin- 
ciple that two systems of water-waves may produce level water. 

353. Hnmber and Length of Waves for Each Note.— 
Though the vibrations of any musical note are too rapid to be 
counted, yet the number may be asceriained in several ways. One 
of the readiest methods is by means of a little instrument called 
tlie siren, invented by Do La Tour, The pulses are produced by 
streams of air driven through holes in a revolving wheel. The 
revolutions of the wheel are recoi-ded by machinery, and the num- 
ber of vibrations in each revolution is known from the number of 
holes through which the air rnahes. When such a velocity of 
revolution is given as to produce the required pitch, then the rev- 
olutions of the index per minute may be counted, and the number 
of vibrations in the same time will be known, and therefore the 
number per second. In this and other ways it is ascertained that 
the numbers corresponding to the lettera of the scale are the 
following : 

5 6^, D, E, F, G, A, B, C., D.„ 
(m, 144, 160, irOl, 193, S13i, 240, 356, 288. 

The highest note of the above series, D.,, 388, is the lowest on the 
common or iJ-flute. There is not, however, a perfect ^^6p:6;nt 
of pitch in different countries, and among different classes of mu- 
sicians. Accordingly, C, which is given above as corresponding to 
138 vibrations per second, has several values, varying from 127 to 
131. 

To iind the length of acoustic waves for any given" pitcli, we 
have only to divide the velocity of sound in one sscond 'by me 
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number of TJhrations whidi reach the ear in the sams length of 
time. For example, at the temperature of 60°, sound travels 1118 
feet per second; therefore the length of waves of low D on the 
Ante = 1118 -v- 388 = nearly /owr feet. The waves of the lowest 
musical note are about TO feet long; and of the highest, less than 
half an inch. 

354. Acoustic Vibrations Visibly Projected.^ — The vi- 
brations of heavy tuning-forks can be magnified and rendered dis- 
tinctly visible to an audience by projecting them on a screen. 
The fork being constructed "with a small metallic mirror attached 
near the end of one prong, a sunbeam reflected from the mirror 
will exhibit all the movements of the fork greatly enlarged on a 
■distant wall ; and if the fork is turned on its axis, the luminous 
projection will take the form of a waving line. And by the use 
of two forks, all the phenomena of interference may be rendered 
as distinct to the eye as they are to the ear. 
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CHAPTEE, I. 

THE MAGNET AND ITS PE0PERTIE8. 

355. The Magnet. — Fragments of iron ore are sometimes 
found which strongly attract iron ; and bars of steel are artiliciitlly 
prepared which exhibit the same property. These bodies ai'e 
called magnets ; the ore is the natural inagnet, commonly called 
lodestom ; the prepared steel bar is an artificial magnet. 

Another property distinguishes tlie inagnet, namely, that when 
properly suspended on a pivot, it aesumea a ceriain definite direc- 
tion with regard to the earth. This property of the magnet is 
called its polarity. 

356. The Attraction Between a Magnet and Iron. — 

The magnetic piopeity whiuh IB likely to be first noticed is the 
attraction of iion If a lodcitone or a bar magnet be rolled in 
iron fihngs (Fig 308), there are two opposite points to which the 




filings attach themselves in thick cinstei-s, arrai 
filaments. These opposite points of greatest action are called 
poles. The attraction diminishes from the poles towards the cen- 
tral parts; and about in the middle between them there is little 
or none ; this is called the neutrai point. The straight line from 
one pole to the other is called the axis. 

The mutual attraction between a magnet and iron is shown 
by bringing a piece of iron toward either pole of the magnetic 
needle ; the needle instantly turns so as to bring its pole as near 
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as possible to the iron (T'ig- 309). On the other hand, an iron 

needle being suspended in 

likomanner,theBaraeraove- ^^°- ^"^^^ 

ment takes place, when 

either pole of a magnet k 

brought near to it. 

Kickel, cobalt, ajid some- 
times manganese, exhibit 
the same magnetic proper- 
ties in some degree. But 
these exist in comparatively 
small quantities, and therefore by magriLtn^ bodies are usually in- 
tended only iron and steel. 



Fig. 310. 



357. Polarity.— K a light magnet is delicately suspended on 
a pivot at the neutral point, as in Fig. 310, it is edled a magnetic 
needle. "When thus placed and left to it-' 
self, it oscillates for a time, and finally 
settles with its axis in a certain fixed di- 
rection, which in most places is nearly - 
north and south. The end which points 
in a northerly direction is called the north 
pole ; the other, the sotitit pole. These 
poles are usnally marked on the larger 
magnets by the letters JV and S, so that they may be instantly 
distinguished. If a magnetic needle has simply a, mai^k or stain 
on one end, that end is nndorstopd to be the north pole. 




358. Action of Magnets on Each Other. — While either 
pole of a magnet attracts and is attracted by a piece of iron, it is 
otherwise when the pole of one magnet is brought near the pole 
of another. There is attraction in some cases, and repulsion in 
others. If the magnets are properly marked, and oiie of them 
suspended so as to move freely, it is readily discovered that tiiJ 
law of action is the following: Fiq. an, 

Poles of the same name repel, and 
those of contrary name attract each 



Thus, the pole 8 of the : 
(Fig. 311) repels s of the needle, and 
attracts n ; and if the magnet were 
inverted, and the pole JV" brought 
near to n, the latter would be re- 
pelled, and s be attracted, 
15 
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359. Magnetic Induction. — When a bar of iron ia brought 
near to the pole of a magnet, though attraction ia the phenome- 
non first observed, as stated (Art. 356), yet it is i-eadily proved 
that this attraction results from a change which is previously pro- 
duced in the iron. It becomes a magnet through the influence of 
the magnet which ia near it. That end of the iron bar which is 
placed near one pole of a magnet becomes a pole of the opposite 
name, and the remote end a pole of the same name. Hence, ac- 
cording to the law (Aii. 358), the poles which are contiguona at- 
tract each other, because they are nnlike. The iniluence by which 
the iron becomes a magnet is called induction. A inagnet, when 
brought near to a piece of iron, induces upon the iron the mag- 
netic condition, without any loss of its own magnetic properties. 
This inflnence is more powerful according as the two are nearer to 
each other; it is, therefore, greatest when the two bars are in 
contact. 

That the iron is truly a magnet for the time being ia proved 
by bringing a needle near to its remote end ; one pole is attracted, 
and the other repelled. If -the iron had not been changed into a 
magnet, each pole of the needle wonld be attracted by it {Art 356). 

360, Snccessive Inductions, — Let a bar of iron, B (Pig. 
213), be evispended from the south pole of the magnet^!; then 
the upper end of 5 is a north pole, and the lower end a south pole- 
Now, aa fi is a magnet, it will in- 
duce the magnetic sbite on another 
bar, C, when brought in contact ; 
and, as before, the poles of opposite 
name will be contiguous. There- 
fore, the upper end of G ia north, 
and the lower end south. D is also 
a magnet fey the inductive power 
of C. 'Thus, there is an indefinite seues of imluftions o-io^vuig 
weaker, however, from one to another, as the number le greater, 
and as the bars are longer. 

The filaments of iron filings which attach themselves to the 
pole of a magnet (Art. 356) are so many aeries of small magnets 
formed in the same manner as just described. Every particle of 
iron is a complete magnet, having its poles so arranged that the 
opposite poles of two successive particles are always contiguous. 

361. Keflex Iniluence. — When a magnet exerts the induc- 
tive power upon a piece of iron which is near it, its oton magnetic 
intensity is increased. The end of the piece of iron contiguous to 
the pole of the magnet is no sooner endued with the opposite polar- 
ity than it reacts upon the magnet, and increases its intensity ; so 
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that, if fragments of iron are attaclied to a magnet, as many aa it 
will sustain, then after a time another may be added, aud again 
another, till there is a very sensible increase of its original 
power. 

Hence, too, the force of attraction of the dissimilar poles of 
two magnets is givsater than the force of repulsion of the similar 
poles ; because, when the poles are unlike, each acts inductively 
on the other to develop its poles more fully ; but when they are 
alike, the influence which they i-eciprocally exert tends to make 
tliem unlike, and of course to diminish thisir repulsive fovce. 

An exti-eme ease of this diminution of repulsive fo^e oecura 
when the like poles of two very unequal magnets are brought into 
contact. The small m^net immediately cUngs to the large one, 
as though the poles were unlike; and if exaunined, it is found that 
they are unlike. The powerful magnet has in an instant reversed 
the poles of the weak one by its strong inductive power, the latter 
not having force enough to diminish sensibly the strength of the 
other. 

3S2. Double Induction.— The effects of tivo inductions at 
once on a bar of iron are various. 

1. The bar may become a single magnet of dou"ble strength. 

3. It may consist of two distinct magnets. 

3. It may have no magnetic power at all. 

The first case is illustrated hy bringing the north pole of a 
magnet to one end of the iron, and the south pole of another mag- 
net to the other end. Each magnet will form two poles by induc- 
tion, and it is evident that the two pairs of poles will coincide. 
Even one magnet produces the same effect when laid by the side 
of a bar of iron of the same length. 

To show the second effect, apply one pole of a magnet to the 
middle of the iron bar; then an opposite pole is formed at the 
middle, and a hke pole at each end, each half of the bar being a 
separate magnet. The same eflfect is produced by bringing the 
like poles of two magnets in contact with the ends of the bar; for 
both ends will be of the opposite kind, and the middle of the same 
kind, as the poles applied. If a pole is applied to the middle of a 
star of iron, the extremity of each ray is a pole of the same kind ; 
if to the middle of a circle of iron, the same polarity is found at 
every point of the circumference. 

As an exanlpie of the third case, suspend a bar of iron from 
the pole of a magnet, and then bring the opposite pole of an equal 
magnet to the point of contact; the two poles induced by one are 
contrary to the two induced by the other, and they are found to 
he completely neutralized. 
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This last case shows that two opposite and equal magnetic 
poles formed at tho same point destroy each other. 

363, Coercive Force. — If in the several experiments on iron 
bars, which have been ali'eacly described, pure annealed iron is 
used, the effects take place' instantly ; and when the magnet is re- 
moved, they as suddenly disappear. But if the iron is hard, mag- 
netic poles are developed in it slowly; and when they have been 
developed, the iron returns also slowly to its neutral condition- 
That property of hard unannealed iron which obstructs the 
deyelopment of magnetism in it, and which hinders its i-etuvn to 
a nentral state, is called the coercive force. In iron which is pure 
and well annealed there seems to be no coercive force. It appears 
in a slight degree in iron not carefully prepared, and increases 
■with its hardness; it is great in tempered steel, which is a com- 
pound of iron and carbon, and greatest of all in steel, which is 
tempered to the utmost hardness. 

It is, therefore, difficult to make a strong m^net of a stee! bai 
by ordinary induction, unless it is quite thin ; but after the de- 
velopment has once been made, the bar becomes a permanent mag- 
net, and may by care be used as such for years. 

3&3t. ChEinge in the Coercive Torce. — The coercive force 
is weakened by any carrse ■which excites a tremulous or vibratory 
motion among the particles of the steeh This happens when the 
bar is struck by a hammer, so as to produce a ringing sound, 
which indicates that the particles are thrown into & vibratory mo- 
tion. The passage of an electric disi^hfirge through a steel bar 
under the inilaence of a magnet, overcomes tlie coercive force for 
the time being, and permanent ma,gnetism is developed. Heat 
produces the same effect ; and hence a steel bar is conveniently 
magnetized by heating it to redness, placing it under a powerful 
inductive influence, and then hardening it by sudden cooling. 
The coercive force is thus neutralized by heat, till the develop- 
ment takes place, when it is restored, and the bar is a peiinanent 
magnet. 

A magnet, however, loses its power by the same means as, dur- 
ing tlie process of induction, were used to develop it. Accord- 
ingly, any mechanical concussion or rough usage impairs or 
destroys the power of a magnet. By falling on a hard floor, or 
by being struck with a hammer, it is injured. Heat produces a 
similar effect. A boiling heat weakens, and a red heat totally de- 
stroys the magnetism of a needle. 

365. Magnetism not Transferred, but only Developed.— 

This is strikingly proved by the fact that if a magnet be divided. 
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even at the .neutral point, where there is no sJgn of magnetism, 
the parta instantly become complete magnets, two nnlike poles 
manifesting theniselTes at the place of fractnie. Both polarities 
seem to esist at every point, and are developed wherever the bar ie 
divided. If each part is divided again, the same phenomenon ia 
repeated, and so on indefinitely. There is, therefore, no tran8fer 
of magnetism from one point to another, any more than from one 
bar to another, but only an excitation of what existed in every 
part of the body before. Both the north and the south pole most 
he conceived as latent at every point of a piece of iron or ^teel ; 
and when the piece is magnetized, either north or sonth polarity 
is developed more or less fully in all parts except the neutral point. 
It is not necessary that the particles should be united by cohe- 
sion in a solid bar. A magnet can be fonoed by i3!ling a braes 
tube with iron filings and eand, or by forming a rod of cement 
mixed with filings, and then subjecting them to inductive influ- 
ence. Fig. 213 will give an 

idea of the probable struc- ^'''- ^l^- 

tm« of every magnet. Each s^^^^^^^^^^^^^^n 
particle of it is a complete ^aa ™S'^'SSl^^'m^^S3 
magnet, the like poles of all 

are turned the same way, and nnlike poles are therefore contigu- 
ous to each other, and each acts inductively on the next. 

366. Magnetic Intensity and Distance.— The law of the 

magnetic force ia the following : 

The inte')mty of tli^ magnetic force, whether attraction or re- 
pulsion, varies inversely as the square of the distance. 

The law in the case of the repulsion of -like polea is readily 
proved by Coulomb's torsion balance, which is figured and de- 
scribed in Art 403, under Electricity. The angle of torsion is 
used as a measure of the repulsion, and it is found that the wire 
must be twisted through four times as large an angle to bring the 
poles to one-half the distance, and nine times as large an angle to 
bring them to one-third the distance, &c.j the force increasing a3 
the square of the distance diminishes. 

To prove the law for the attraction of opposite poles, the vibra- 
tions of a needle are counted, when it is placed at different dis- 
tances from a magnet. The square of the number made in a given 
time ia a measure of the attractive force, just as the square of the 
number of vibrations of a pendulum is a measure of the force of 
gravity (Ari 170). 

In each of these experiments, the magnetic infl.uence of the 
earth upon the needle must be ehminated, in order to obtain a 
correct result. 
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367. Hquilibrhim of a Needle Near a Magnet. — If a 
email needle, free to revolve, be placed near the pole of a magnet, 
so that its centre is in the asie of the magnet produced, it will 
place itself in the line of that axis. For suppose that N S (Pig. 
iil4) is a large magnetie 
bar, and m s a small needle 
suspended neai' the north 
pole of the magnet, with 
its centre in the axis of 
the bar produced at a; it 
will be seen that the ac- 
tion of the pole of the 
magnet is such as to bring 
the needle into a line with 
the magnet. The action of the pole N upon the needle tending 
to give it this direction {since it repels n and attracts s), is equal 
to the sum of its actions upon both poles. The pole S, by repel- 
ling s, and attracting n, tends to reverse this position, but^ on ac- 
count of greater distance, its force 13 less than that of N. 

If the centre of the needle is in a line perpendicular to the bar 
at its middle point, the needle will be in equiUbrium when paral- 
lel to the bar with its poles in contrary ordav Thus, supposing 
the needle to be suspended at I, it will be seen that the actions of 
both poles of the magnet conspire to move n to the left, and s to 
the right; and as these forces are equal, equilibrium takes place 
only when the needle is parallel to the bar. 

At intermediate points the needle will assume aU possible in- 
clinations to the axis of the bar, each position being determined 
by the resultant of tbe four forces which a<!t on the needle. In 
Kg. 315 are indicated some of the positions which the needle takes 

Pis. ?,15. 




in being carried round the magnet. Wiiile it goes oneo round the 
magnet, it makes two revolutions on its own axis. 

It is to be observed that in all positions the needle tends, as a 
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whole, to more towai^d the bar, since the attractions always exceed 
the repulsions. 

368. Magnetic Curves.— All the foregoing cases are shown 
at once by iron filings strewn on paper or parchment, which ia 
stretched on a frame and placed near a magnet. Let the paper be 
slightly jarred, while the magnet lies parallel to it, either above or 
helow, and all the inclinations of the needle will be represented 
by the particles of iron arranged in curves from pole to pole (Fig. 
316). Mear the poles of the magnet the filings stand up on the 




paper at various inclinations. These are the extremities of still 
other curves, which would be formed in all possible planes passing 
through the axis of the magnet, provided the filings could float 
suspended in the air, while the magnet is placed in the midst of 
them. These are called magnetic curves. 

When the magnet is below the paper, the particles move away 
from the area over the poles, as in Fig. 316 ; but when it is cAove, 
they gather in a cluster under each pole. This singular difference 
arises from the force of gravity acting on the filaments, which are 
raised up on the paper, and which lean, in the former ease, from 
each other, and in the latter, toward each other. 



CHAPTER II. 

KELATIONS OF THE MAGNET TO THE EARTH. 

369. Declination of the Weedle. — When, the needle is bal- 
anced horizontally, and free to revolve, it does not generally point 
esaetly north and south ; and the angle by which it deviates from 
the meridian is called the declination. A vertical circle coinci- 
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dent with the direction of the needle at any place is called the 
magneiie meridian. As the angle between the magnetic and the 
geographical meridians is generally different for different places, 
and also varies at different times in the same place, the word vari- 
ation expresses these changes in declination, though it is much 
nsed as Bynonyraous with declination itself. 

370. Isogonie Curves.— This name is given to a system of 
lines imagined to be drawn through all the points of equal decli- 
nation on the earth's surface. We naturally take as the standai-d 
line of the system that which connects the points of no declina- 
tion, or the isogenic of 0" (Fig. SIT). Commencing at the north 

Fig 317. 




pole of dip, about Lat. 70", Lon. 96°, it runs in a general direc- 
tion E. of S., through Hudson's Bay, across Lake Erie, and the 
Sta,te of Pennsylvania, and enters the Atlantic Ocean on the coast 
of North Carolina. Thence it passes east of the AVest India 
Islands, and across the N, E. part of South America, pursuing its 
course to the south polar regions. Itreappears in the eastern hem- 
isphere, crosses Western Anstralia, and bears rapidly westwsird 
across the Indian Ocean, and then pursues a northerly course 
across the Caspian Sea to the Arctic Ocean. There is also a de- 
tached line of no declination, lying in eastern Asia and the Pacific 
Ocean, returning into itself, and inclosing an oval ai"ea of 40° N. 
and S. by 30° E. and W. Between the two main lines of no decli- 
nation in the Atlantic hemisphere, the declination is westward, 
marked by continued lines, in Fig. SIT ; in the Pacific hemisphere, 
outside of the oval line just described, it is eastward, marked by 
dotted lines. Hence, on the American continent, in all places 
east of the isogenic of 0°, the north pole of the needle declines 
westward, and in all places west of it, the north pole declines east- 
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ward; on the otlicr continent this is reversed, as shown by tlie 
figure. 

Among other irregularities in the isogonie system, there are 
two instances in which a curve makes a wide sweep, and then in- 
tersects its own path, while those within the loop thus formed re- 
tnm into themselves. One of these is the isogonie of 8° 40' E., 
which intersects in the Pacific Ocean west of Central America; 
the other is that of 82" 13' W.,. intersecting in Africa. 

In the northeastern part of the United States the declination 
has long been a few degrees to the west, with very slow and some- 
what irregular variations. 

371. Secular and Annual Variation. — The declination of 
the needle at a given place is not constant, but is subject to a 
slow change, which carries it to a certain limit on one side of the 
meridian, when it becomes stationary for a time, and then returns, 
and proceeds to a certain limit on the other side of it, occupying 
two or three centuries in each vibration. At London, in 1580, 
the declination was 11^° B. ; in les?, it was 0° ; after which time 
the needle continued its western movement till 1814, when the 
declination was 2ii° W. ; since then the needle has been moving 
slowly eastward. The entire seeulai- vibration will probably last 
more than three centuries. The aveiage variation from 1580 to 
1814 was 8' 10 " annually. But like other vibiations, the motion 
is slowest toward the extremes. 

There has also been detected a small trnjiHC? sanation, in which 
the needle turns its north pole a few minutes to the east of its 
mean position between AprQ and July, and to the west the rest 
of the year. This annual oscillation dots not exceed 15 or 18 
minutes. 

372. Diuirnal Variation.— The needle is also subject to a 
small daily oscillation. In the moining the north end of the 
needle has a variation to the east of its mean position greater than 
at any other part of the day. During winter this extreme point is 
attained at about 8 o'clock, but as early aa 7 o'clock in the sum- 
mer. After reaching this limit it gradually moves to the west, 
and attains its extreme position at about 3 o'clock in winter, and 
1 o'clock in summer. Prom this time the needle again I'etnma 
eastward, reaching its first position about 10 p. m., and is almost 
stationary during the night. The whole amount of the diurnal 
variation rarely esceeds 12 minutes, and is commonly much less 
than that These diurnal changes of declination are connected 
with changes of temperature, being much greater in summer than 
in winter. Thus, in England the mean diurnal variation from 
May to October is 10 or 12 minutes, and from November to April, 
only 5 or 6 minutes. 



:yGoogle 



234 MAGNETISM. 

373. Dip of the Needle. — A needlo first bnlancod on a hor- 
izontal axis, and then magnetized and placed in the magnetic miiridi- 
■M a fixed relation to 



the horizon, one pola oi the 
other heing usually depi essed 
below it. The angle of de 
presaion is called the di^ of 
tlie needle. Fig. 318 rtpre 
Bents the dipping needle, -wi^ 
its adjusting aere^* a and 
spirit-level; and the deprea 
sion may be read on the gi ad 
uated scale. After the hon 
zontal circle m is lei eled by 
the foot-screws, the frame A 
is turned horizontally till the 
vertical circle M I'l in the 
magnetic meridian Ta 
north latitudes, the nor 1 
end of the needle is deprcsse 1 
ae « in the figure. 

374. Isoclinlc Curves 
— A line passing thiough all 

points where the dip of the needk is nothing i e i^heie the dip 
ping needle is hoiizontal, is called the ^nagnefic eji afor of the 
earth. It can be ti.iced in Fig ''lO as an irregular (,ur\e around 





the earth in the region of the equator, nowhere departing from it 
more than ahout 15°. At every place north of the magnetic equa- 
tor the north pole of the needle descends, and south of it tlie south 
pole descends; and, in general, the greater the distance, the 
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greater is the dip. Imagine now a system of lines, eacli passing 
through all the points of equal dip; these will be nearly parallel 
to the magnetic equator, which may be regarded as the standard 
among them. These magnetic parallels are called the isoclimc 
curves J they somewhat resemble parallels of latitude, but ai'e in- 
clined to them, conforming to the oblique position of the magnetic 
equator. In the fignre, the broken lines show the dip of the south 
pole of the needle ; the others, that of the north pole. The points 
of greatest dip, or dip of 90°, are called tJie poles of dip. There is 
one in the northern hemisphere, and one in the southern. The 
north pole of dip was found, by Oapt James 0, Eoss, in 1831, to 
be at or very near the point, 70° 14' N.; 96° 40' W., marked x in 
the figure. The south pole is not yet so well determined. 

At the poles of dip the horizontal needle loses all its directive 
power, because the earth's magnetism tends to place it in a verti- 
cal line, and, therefore, no component of the force can operate in 
a horizontal plane. The isogenic lines in general converge to the 
two dip-poles ; hut, for the reason just given, they cannot be traced 
quite to them. 

The dip of the needle, like the declination, undergoes a variar- 
tion, though by no means to so great an extent. In the course 
of 350 years, it has diminished about five degrees in London. In 
1830 it was about 70°, and diminishes from two to three minutes 
annually. 

Since the dip at a given place is changing, it cannot be sup- 
posed that the poles are fixed points ; they, and.with them the en- 
tire system of isoclinio curves, must be slowly shifting their lo- 
cality. 

375. Magnetic Intensity of the Earth. — The force ex- 
erted by the magnetism of the earth varies in different places, 
being generally least in the region of the equator, and greatest in 
the polar regions. The ratio of intensity in different places is 
measured by the number of vibrations which the needle makes in 
a given time. In the discussion of the pendulum, it was proved 
(Art 170) that gravity vaiies as the square of the number of vi- 
brations. For the same reason, the magnetic force at any place 
varies aa the square of the number of vibrations of the needle at 
that place, 

376. Isodynamic Curves.— After ascertaining, by actual 
observation, the intensity of the magnetic force in difierent parts 
of the earth, lines are supposed to be drawn through all those 
points in which the force is the same; these lines are called isody- 
namic curves, represented in Fig. 230. These also slightly re- 
semble parallels of latitude, but are more irregular than the 
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isoclmic Imc Theie is no ono stiiidird equator of minimum in 
tensitj but therp lie two yety iiifgular lines auirounilmg thi 
earth m the equatonal region m some places almost meeting t,och 




othei and m others spreading apart more than tv, o tliou and 
milts on iihich tlie mignetic mtcn'-itj is the samL These two 
are taken as the standird of comparison heciuse they pre the 
loi^est vihieh Lxtend entuely lonnd the glohe The intensity on 
them IS therefoie called wmi^ maited 1 m the fignie In the 
wide paits of the belt which they include — lying one m the south 
em Atlantic, and the other in the nortliem Pacific oceans — there 
are lines of lower intensity whieh i>3tum into themselves, without 
encompassing the earth. In appi-oachijig the polar regions, both 
north and south, the curves, retaining somewhat the form of 
the unit lines, are indented like an hour-glass, as those mai'ked 
1.7 in the figure, and at length the indentations meet, forming an 
iiregular figure 8 ; and at still higher latitudes, are separated into 
two systems, closing up around two poles of maximum intensity. 
Thus there are on the earth foi\r poles of maximum intensity, two 
in the nortliern hemisphere and two in the southern. The Amer- 
ican north pole of intensity is sitnated on the north shore of Lake 
Superior. The one on the eastern continent is in northern Si- 
beria. The ratio of the least to the gi'eatest intensity on the earth 
is about as 0.7 to 1,9; that is, as 1 to 2^. In the figure, intensities 
less than 1 are mai'ked by dotted lines. 

377. Magnetic Charts. — These are maps of a country, or of 
the world, on which are laid down the systems of curves which 
liaye been described. But for the use of the navigator, only the 
isogonie lines, or lines of equal declination, are essential. There 
are large portions of the globe which have as yet been too imper- 
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fectly examined for the several systems of cuiTes to be accnrately 
mapped. It must be remembered, too, that the eai"th is slowly 
but constantly undergoing magnetic changes, by which, at any 
given place, the declination, dip, and inteuaity are all essentially 
altered after the lapse of years. A chart, therefore, which would 
be accurate for the middle of the nineteenth century, will be, to 
some extent, incorrect at its close. 

378. Magaetic Observatories. — In accordance with a sug- 
gestion of Humboldt, in 1836, systematic observations have been 
since made upon terrestrial magnetism, in various pai'ts of the 
■world, in order to deduce from them the laws of its changes. 
Buildings have been erected without any iron in their construc- 
tion,, to serve as magnetic observatories; and the most delicate 
magnetometers have been devised and used for detecting minute 
oscillations both in the horizontal and vertical planes. By these 
means has been discovered a class of phenomena called magnetic 
storms, in which the needle suffers nnmerous and rapid disturb- 
ances, sometimes to the extent of several degrees ; and it is a re- 
markable and interesting fact that these disturbances occur at the 
same absolute time in every part of the earth. 

379. Aurora Sorealis. — ^Thia phenomenon is usually ac- 
companied by a disturbance of tlie needle, thus affording visible 
indications of a magnetic storm ; but the contrary is by no means 
generally ti-ue, that a magnetic storm is accompanied by auroral 
Ught. The connection of the aurora borealis with magnetism is 
manifested not only by the disturbance of the needle, but also by 
the fact that the streamers are parallel to the dipping needle, as is 
proved by their apparent convergence to that point of the sky to 
which the dipping-needle is directed. This convergence is the 
effect of perspective, the Hues being in fact straight and parallel. 

380. Source of the Saith's Magnetism. — If a needle is 
carried round tlie earth fram north to south, it taltes approxi- 
mately all the positions in relation to the earth's axis which it aa- 
Bumes in relation to a magnetic bar, when carried round it from 
end to end (Art. 36?). At the equator it is nearly parallel to the 
axis, and it inclines at larger and larger angles as the distance 
fi-om the equator increases; and in the region of the poles, it is 
nearly in the direction of the axis. The earth itself, therefore, 
may be considered a magnet, since it affects a needle as a magnet 
does, and also induces the magnetic state on iron. But it is nec- 
essary, on account of the attraction of opposite poles, to consider 
the northern part of the earth as being like the south pole of a 
needle, and the southern part like the north pole. To avoid this. 



:yGoogle 



233 MiGNETISM. 

the words ioreal and austral are applied to the two magnetic 
states, and the ioreal magiiettsm is the name given to that devel- 
opment found in the northern hemisphere, and the austral mag- 
netism to that in the eouthern. Hence, it becomes necessary, in 
using these names for a magnet, to reverse their order, and to 
speak of its north pole as exhibiting the ausfci-al, and its south pole 
the boreal magnetism. 

Modem discoveiies in electro-magnetism and thermo-electri- 
city furnish a clew to the hypothesis which generally prevails at 
this day. Attention has been drawn to the remarkable agreement 
tetween tlie tsotlwrmal and the isomagmtio lines of the globe. 
The former descend in crossing the Atlantic Ocean toward Amer- 
ica, and there are two poles of maximum cold in the northern 
hemisphere. The isoclinic and the isodynamic curves also de- 
scend to lower latitudes in crossing the Atlantic westward; so 
that, at a given latitude, the degree of cold, the magnetic dip, and 
the magnetic intensity, is each considerably greater on the Amer- 
ican than on the European coast. This is only an instance of the 
general correspondence between these different systems of cuiTes, 
It has likewise been noticed (Ai-t. 373) tliat the needle has a move- 
ment dinmally, yarying westwai-d during the middle of the day, 
and eastward at evening, and that this oscillation is generally 
much greater in the hot season than the cold. It is obvious, 
therefore, that the development of magnetism in the earth is inti-. 
mately connected with the temperature of its surface. Hence it is 
supposed that the heat received from the sun excites electric cur- 
rents in the materials of the earth's surface, and these give rise to 
the magnetic phenomena. 

381. Formation of Permanent Magnets. — Needles and 
small bars may be more or less magnetized by the following meth- 
ods, the reasons for which will he readily understood: 

1. A feeble magnetism may be developed in a steel bar, by 
causing it to ring while held verticaBy. The eartli's influence 
upon it, however, is stronger if it is held, not precisely vertical, 
hut leaning in a direction parallel to the dipping needle. The 
inductive influence of the earth explains the feet often noticed, 
that rods of iron or steel that have stood for many years in a posi- 
tion neai'ly vertical, as, for instance, lightning-rods, iron pillars, 
stoves, &c., are fonnd somewhat magnetic, with the north pole 
downward. 

'i. A needle may he magnetized by simply suffering it to re- 
main in contact with the pole of a strong magnet, or better, be- 
tween the opposite poles of two magnets. 

3. Place the needle across the opposite poles of two parallel 
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magnets, while a bar of soft iron connects the other two poles. 
Thus, removing one of the keepera, A, B, from the ends of the 
magnets {Fig. 331), put the needle in its place, being careful that 
tlie end of tlie nedl' 
marked for nor 1 \h \ 
jacont to the SO IJ \ ole 
of the magnet. 

4. In order t t k 
advantage of the eart! s 
induetiva infli nee il ng v th tl it f tt 1 n a^ eta place the 
needle parallel to 1 e I [ | w n e lie and draw tl e bo th pole oi 
one magnet ov the lower h'ilf a d the orfch pole of another 
over the uppei hall w tl repeatel and snultaneous move 
ments. 

None of the e methods how ver are f greit p act "^1 val le at 
the present day, hince the galvan c c re taff dsafarieale and 
more efficient means of magnetizing bars. 

The horse-shoe magnet, sometimes called tl e Fio S'a 
TJ-magnet (Pig. 323), is for many piirposes a ^erj 
convenient form, and originated in the practic ot 
arming the lodestone; thatis, furnishing it with tuo 
pieces of soft iron, which are confined by brass st -^pa 
to the poles of the stone, and project below t, s 
that a bar and weight may be attached. When i 
magnet has this fonn, both poles may be applied to a 
body at onc«. The r7"-magnet, A N 8, being s s 
pended, and the keeper, B, made of soft iron, he ^ 
attached to the poles, weights may be hnng, \ 
the hook C, to show tlie strength. 

382. The Declinatioa Compass.— Thi=i 
striiment consists of a magnetic needle suspend \ u 
the centre of a cylindrical brass box covered w tl 
glass; on the bottom of the box within is fastened a 
circular card, divided into degrees and minutes, fr m 
0° to 90" on the several quadrants. On tlie top of ^ 

the box ai'C two uprights, either for holding sigl t 
lines or for snppoi-ting a small telescope, by whnh ducctions aiv, 
fixed. The quadrants on the card in the box are gi-aduated from 
that diameter which is vertically beneath the line of sight 

When the axis of vision is directed along a given line, the 
needle shows how many degrees that line is inclined to the mag- 
netic meridian. In order that the angle between the line and the 
geographical meridian may be found, the declination of the needla 
for the place must be known. 
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383. The Mariner's Compisss,— In the mariner's compass 
(Fig. 223) the card is made as light as possible, and attached to the 
needle, so that the north and south 
points marked on the taid alwa\t> ^'" ^'^ 

coincide with the magnetic mend- ' 

ian. The index, by which the di- 
rection of the ship is lead, consists 
of a pair of vertical lines, diametii 
caliy opposite to each other, on the 
interior of the box. These hnes, 
one of which is seen at a, aie m tlie 
plane of the sliip's keel Hence, 

the degree of the card which is against eiiJiei of the hne'i fcho^\ a 
at once both the angle with the magnetic meiiilun and the qnid 
rant in which that angle hes 

In order that the top of the box may alway? be m a hoiizontal 
position, and the needle as fict, af possible fiom ugitition by tlie 
rolling of the ship, the box, B, is snsp>-nded m (jimhals The 
pivots, A, A, on opposite sides of th'' bo\, aie centred m the brass 
ring, 0, D, while tliis nng lests on an isis. which has its hearings 
in the supports, E, K The-^e two a\ea are at right ingles to each 
other, and intersect at the point whcie the needle lests on its 
pivot. Therefore, whatever position the supports, H, jS',niayha\c, 
the bos, having its principal weiglit m the lowui pait, maintains 
its upright position, and the centre of the needle is not moved by 
the revolutions on the two axes. 

On account of the dip, which increases with the distance from 
the equator, and is reversed by going from one hemisphere to the 
other, the needle needs to be loaded by a small adjustable weiglit, 
if it is to be used in extensive voys^es to the north or south. In 
north latitudes the south end must be heaviest ; in south lati- 
tudes, the north end. 



384. The Heedla Rendered Astatic. — Though magnetic 
intensity increases at greater distances from the equator, yet the 
directive power of the compass grows more feeble in approaching 
the poles of dip, because the horizontal component constantly di- 
minishes, and at the poles becomes zero (Art. 374). A needle in 
BLich a situation, in which the earth's magnetism has no influence 
to give it direction, is ea.lled astatic. The compass needle is astatic 
at the north and south poles of dip. And the dipping needle 
may be rendered astatic at any plaoe by setting its plane of rota- 
tion perpendicular to its Hne of dip at that place ; for then there 
will remain no component of the magnetic force in tlie only plane 
in which the needle is at liberty to move. 
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The needle may also be made astatic at any place hj holding a 
magnet at such a distance, and in such a 
position, as to neutralize the earth's in- ^'^^^- ^^^ 

fluenee. Or, if a wire, suspended verti- " 

cally by a thread, pass through the centres 
of two needles, whose poles point in oppo- 
site directions, each needle will be astatic. 
The needles in Fig. 324, with' like poles in ',^ 

opposite directions, are slipped tightly npon 
the wire 5 c, which is suspended by the 
thread a i, free from torsion. This method 
of liberating a mt^etic needle from the 
earth's inilueoce is of great use in electro -magnetism. 

385. Theory of Magnetism. — The nature of the agency 
called magnetism is unknown. Much of the language employed 
by writers on the subject implies that there exist in iron, steel, 
&c., two imponderable /wji^s, called the austrai and horml rnagnet- 
isms; that these fluids attract each other, and are ordinarily 
mingled and neutralized, so that no magnetic phenomena appear; 
and that in every magnet the two fluids have been separated by 
the inductive influence of the earth or of another magnet, one 
fluid manifesting itself at one pole, and the other at the other 
pole. As science advances, however, these views seem more and 
more crude and unsatisfactory. Magnetism is now regarded by 
many as one of those modes of molecular motion which are so diffi- 
cult of investigation. If it is a mode of motion, then it mayman- 
ifest itself as a force, as we know it does. It will be seen in the 
discussion of Electro-magnetism that there is a most intimate 
connection between magnetism and electricitj', so much so that 
the former is generally considered as only a particular form in 
which the latter is developed. 

Magnetism differs from the other molecular agencies— elec- 
tricity, light, and heat — in producing no direct effect on any of 
onr senses. We witness its direct effects only in the motion which 
it gives to certain kinds of matter, such as iron and steeL 
16 
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ELEMENTAEY PHENOMENA. 

386. Definitions.— The name Electricity, from the Greek 
■word for amber, is given to a peculiar agency, which is the cause 
of a variety of phenomena, auch as attracting and repelling light 
bodies, prodneing light, heat, sound, and chemical decomposition, 
and, when concentrated in its action, violently rending or explod- 
ing bodies. Lightning and tliunder are an example of its intense 
action. 

Frietional electricity is so called hecanse generally excited lay 
friction, and to distinguish this form of development from the gal- 
vanic, electricity which is excited by chemical means. The former 
is often called statical, and the latter dynamical electricity. 

Bodies are said to be electrically excited when they show signs 
of electricity by some action performed upon them, as friction, for 
example. They are said to be electrified when they receive elec- 
tricity by communication. 

Conductors are bodies which transmit electricity freely ; non- 
conductors are tiiose which do not transmit it at all, or only very 
imperfectly. A body is said to be insulated when in contact only 
with non-eondnctors, so that electricity is retained in it 

387. Electroscopes. — The feeblest indication of electricity 
is wsi^ally attraction or repulsion; and insti-uments prepared for 
showing these effects are called electroscopes. The word electrome- 
ter, though sometimes used in the same sense, is more properly 
defined to be an instrument for measuring the quantity of elec- 
tricity. 

The pendulum electroscope (Fig. 235) consists of a glass stand- 
ard, supported by a base, and bent into a hoot at the top, from 
which is suspended a pith ball by a fine silk thread. 
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The gold-leaf electroscope consists of two narrow strips of goM- 
af, n, n (Fig. S36), suspended within a glass receiver, B, from a 




metallic rod which passes through the top ant! terminates in a 
ball, 0. A metallic base is cemented to the receiver, and strips of 
tin-foil, a, are attached to the inside, reaching to the base. When 
an electrified body is brought near the knob C, the gold leaves 
separate, or, if separated, collapse, or separate more, according to 
circumstances. 

Certain modifications are convenient for some purposes. One 
is, a metallic wire with a ball on the top, having a thread and 
pith ball hanging by the side of it ; and another, two threads with 
pith balls suspended together below a conductor, as in Ftg. 331. 

388. Common Indications of Electiricity. — Though the 
frictional or statical electricity may be developed in several ways, 
pressure, evaporation, &c., the method generally einployed is fric- 
tion. By this means it can be excited in a greater or less degi-ee 
in all substances, and from some it may be easily and abundantly 
obtained. 

If amber, sealing-wax, or any other resinous substance, be 
rubbed with dry woolen cloth, fur, or silk, and then brought near 
the fece, the excited electricity disturbs the downy hairs upon the 
skin, and thus causes a sensation like that produced by a cobweb. 
When the tube is strongly excited, it gives off a spark to the finger 
held toward it, accompanied by a sharp snapping noise. A sheet 
of writing-paper, first dried by the fire, and then laid on a table 
and rubbed with india-rubber, becomes so much excited as to ad- 
hero to the wall of the room or any other surface to which it is 
applied. As the paper is pulled up slowly from the table by one 
edge, a number of small sparks may be seen and heard on the 
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under side of the paper. In diy weather, the brushing of a gar- 
ment causee the floating dust to fly back and cling to it. 

If an iron or irass rod he held in the hand and ruhbed with 
Bilk, the rod shows no sign of electricity. It will be seen here- 
after that the electricity excited in the rod is conveyed away by 
the conducting quality of the metal and the human body. 

389. Tli9 Two Bleetrioal States.— When friction has 
feiken place between two bodies, they ai'e foand in electrical condi- 
tions, which in some remarkable particulars are unlike each other. 
These two eleeti-ical states are nsually called the positive and the 
negative, terms which were employed by Franklin in his theory of 
ome electric fluid, to indicate that "the excited body has either more 
or lees electricity than belongs to it in its common unexcited con- 
dition. Du Pay, in his theory of ttoo kinds of electricity, uses the 
words vitreous and resinous to distinguish them, vitreous coiTe- 
sponding to the positive, and resinous to the negative. But it is 
very common to use Du Pay's theory, and to apply Franklin's 
terms, positive and negative, to the two kinds of electricity. 

If in any case only one electricity is discovered when friction 
causes development, it is to be understood that the other is dif- 
fused through some largo conductor, so as to be imperceptible. 
The earth is the great reservoir, in which any iwnount of elec- 
tricity may be diffused and lost sight of. 

390. Natmre of Electiicity. — The real nature of electricity 
is unknown. Though it is in most treatises spoken of as a Jluid, 
of exceeding rarity, and moi-e rapid in its movements than light, 
yet the prevailing belief at the present day is, that it is a peculiar 
mode of vibratory motion, either in the luminiferous ether which 
is imagined to fill all spaee, or else in the ordinary matter consti- 
tuting the bodies and media about us, or in both of these. Elec- 
tricity is brought to view by friction, by beat, and fey other 
agencies which are CBlculated to cause movements in matter, rather 
than to bring new kinde of matter to light. It is undoubtedly one 
of the forms oi force, into ■which other forces may be transformed. 
But until a more definite wave-theory or force-theory can be con- 
structed than exists at present, it is comparatively easy to give to 
the learner an intelligible description of electrical phenomena by 
using the language of the two-fluid theory of Du Fay. In trying 
to give a statement of observed facts -without the use of these hy- 
pothetical terms, it is necessary to employ in their stead tedious 
circumlocutions, which only confuse the mind of the leai-ner. 

391. Dh Fay's Thsory. — According to this theory, the two 
fluids are imagined to iubero in all kinds of matter, combined with 
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each other and neutralized. In this condition, they afford no evi- 
dence of their existence. But they can in several ways be sepa- 
rated from each other ; and when thus separated, they gire rise to 
electrical jihenomsna. 

392. The Two SteXss developed Simultaneously. — 

If hodies are rubbed together, the two electricities are separated, 
and one body is electrified positively, the other negatively, Tor 
example, glass rubbed mth silk is itself positive, and the silk is 
negative. But the same substance does not always show the same 
kind of electricity, since that depends frequently on the substance, 
against which it is rubbed. Dry ■woolen cloth rubbed on smooth 
glass is negative, but on sulphur it is positive. Tlie following 
table contains a few substances, arranged with reference to tliis. 
Any one of them, rubbed with one that follows it, is positively 
electrified itself, and the other negatively : 

1. Fur of a cat, 7. Silk. 

2. Smooth glass, 8. G-um lac. 

3, Mannel, 9, Eesui. 

4, Feathers. 10. Sulphur. 

5, Wood, 11. India-mbber. 

6. Paper. 13. G-uttar-percba, 
According to the above table, silk rubbed on smooth glass is 

negatively excited ; but rubbed on sulphur, it is excited positively. 
It is soinetimes found, however, that the pi-evious electrical condi- 
tion of one of the bodies will invert the order stated in the table. 
For example, if silk, having been rubbed on smooth glass, and 
therefore being negative, should then be rubbed on resin, it would 
probably retain its negative state, and the resin become positively 
electrified, contrary to the order of the table. 

The mechanical condition of the surface sometimes changes 
the order of the two electricities. Thus, if glass is ground, so ae 
to lose its polish, it is likely to he negative when rubbed with 
silk ; but the excitation of rough glass is very feeble. 

393. Mutual Action.r-Bodies electrified in different ways 
attract, and in the savie way repel each other. . Thus, if an insu- 
lated pith ball, or a lock of cotton, be electrified by touching it 
with an excited glass tube, it will immediately recede from the 
tube, and from all other bodies which ai-e charged with the posi- 
tive electricity, while it will be attracted by excited sealing-wax, 
and by all other bodies which are negatively electrified. If a lock 
of fine long hair be held at one end, and brnahed with a dry brush, 
the separate hairs will become electrified, and will repel each other. 
In like manner, two insulated pith balls, or any other light bodies, 
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will repel each other when they are electrified the same way, and 
attract each other when they are electrified in difiereut ways. 

Hence it is easy to determine whether the electricity deTeloped 
in a given hody is positive or negative ; for, having charged the 
electroscope with excited glass, then all those bodies which, when 
excited, attract the hall, are negative, while all those which repel 
it are positive. 

394. Conduction. — Electricity passes through some bodies 
with the greatest facility; through others with difficulty, or 
scarcely at all; and others still have a conducting power interme- 
diate between the two. As the conducting quality exists in differ- 
ent substances iu all conceivable degrees, it is impossible to draw 
a dividing line between them, so aa to arrange all conductors on 
one side, and all non-conductors on the other. The following 
brief table contains some of the more important of the two classes ; 
the first column in the order of conducting power, the second in 
the order of insulating power: 

The metals, Lac, amber, the resins, 

Charcoal, Parjiffine, 

Plumbago, Sulphur, 

"Water, damp snow, Wax, 

Living vegetaiiles, Glass, precious atones, 

Living animals, Silk, wool, hair, feathers, 

Smoke, steam,. Paper, 

Moist earth, stones, Air, the gases. 

Linen, cotton. Baked wood. 

"When air is rarefied, its insulating power is diminished, and 
the further the rarefaction proceeds, the more freely does elec- 
tricity pass. Hence, we might expect that it would pass with pei- 
fect freedom through a complete, vacuum It is found, howevei, 
that in an absolute vacuum electricity cannot be tiandmitted 
at all. 

395. Modes of Insiilatii^.— Solid insuktm^ '■upports aie 
usually made of glass ; and, in order to inipiove then msulating 
power, they are sometimes covered with shell-hu, ■vainish. Insu- 
lating threads for pith balls, or cords for suspending heavier 
bodies, are made of silk. The beet insulator foi suspending any 
very small weight is a single fiber of silk, a hair, or a fine thread 
of gum lac In order to 'perfoi-m electncal experiments, the air 
must be dry, or no care whatever relating to apparatus can insure 
success; and therefore, in a room occupied b> an ludience, es- 
pecially if the weather is damp, it is necessaiy to drj the air arti- 
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ficialiy hj fires. If tJie air wore a good conductor, it is probable 
that no facts in tliia science would eyer have been discovered. 

396. Comamnication and Infiuence. — The splmre of com- 
munication is tVie apace within which a spark may pass from an 
electrified body, in any direction. It is sometimes called the 
striking distance. The sphere of influence is the space within 
which the power of attraction of an electrified body extends every 
way, beyond the sphere of communication, A glass tube strongly 
excited will give motion to the gold-leaf electroscope at the dis- 
tance of several feet, althongh a spark conld not pass from the 
tube to the cap of the electroscope at a greater distance than a few 
inches. The electricity which a body manifests by being brought 
towards an excited body, without receiving a spark from it, is said 
to be acquired by induction. The principle of induction resembles 
that noticed in magnetism, and will be discussed in connection 
with the Leyden jai'. 



CHAPTEK II. 



397. The Plate Machine— In order that glass may be con- 
veniently subjected to friction for the development of electiioity, 
it is made in the form of a circnlai- plate, and mounted on an axis, 
which la supported by a wooden frame, and revolved by a crank, 
while rubbers press against it* surface. Fig. 337 represents one 
of the many forms which have been adopted. The crank, M, gives 
rotaiy motion to the plate, P, which is pressed by the rubbers, 
F, F; this pressure is equalized by their being placed at top and 
bottom, and on both sides of the glass. The prime conductor, 
C C, is made of hollow brass, and supported by glass pillars. The 
extremities terminate in two bows, which pass around the edges 
of the plate, and present to it a few sharp points, to facilitate the 
passage of electricity. But all other parts are carefully i-ounded 
in cylindrical and spherical forms, without edges or points, as 
these tend to dissipate the electricity. The glass, as it revolves 
from the rubbers to the points of the prime conductor, is pro- 
tected by silk covers, to prevent the electricity from escaping into 
the air. Tbe rubbers are made of soft leather, attached to a piece 
of wood or metal, and from time to time are rubbed over with an 
amalgam of zinc, tin, and mcreuiy, or with the bi-sulphuret of 
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tin, -whicli is one of tlie best exciters on glass. Tbe diameter of 
the plate variee from l^^ to 3 feet ; but in some of the largest it is 
6 feet, and two plates are sometimes mounted on one axis. 




To give free passage of tlie negative electricity from the Tab- 
Iters to the earth, a chain, D, may be attached to the wooden sup- 
port, while its other end lies on the floor. 

398. The Cylinder Machine. — In many electrical machines 
of the smaller sizes, a hollow cylinder is employed,, haying a length 
considerably exceeding its diameter. In the cylinder machine, 
the rubber is applied to one side, and the prime conductor reeeives 
the fluid from the opposite. The rubber is usually mounted on a 
glass pillar, so that it can be insulated, wheneyer it is desired 

399. The Hydro-BIeotric Machine. — It was discovered in 
1840 that a steam-boiler electrically insulated gave out sparks, 
and that tbe steam issuing from it was also electrified. Hence re- 
sulted the construction of the hydro-electric machine. It consists 
of a boiler mounted on glass pillars, and furnished with a row of 
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jet-pipes and a metallic plate, against which the steam strikes. 
The prime conductor, to ivhich the steam-plate is attached, is 
electrified positively, and the hoiler itself negatively. Professor 
Faraday ascertained that the electricity in this case is developed, 
not by evaporation or condensation, bat by the friction of watery 
particles in the jet-pipes. That the machine may act with energy, 
it was found necessary to make the interior of the jet-pipes angu- 
lar, and quite irregular. 

la connection with the subject of induction will be described 
a machine of still more recent invention, and known m the indue- 
Hon machine. 

400, The Quadrzint Electrometer.— In order to measure 
the intensity of electricity in the prime con- 
ductor, there is set upon it, whenever desired, 

! electrometer (Fig. 338). This con- 
if a pillar, d, abont six inches high, having 

1 semicircle, c, attached to one side, 
and a delicate rod and ball, a, suspended from 
the centre of the semicircle. As the conductor 
becomes electrified, the rod is repelled from the 
pillar, and the are passed over indicates rudely | 
the degree of electrical intensity. 

401. First Phenomena of the Ma 
chine. — When an electrical machine is skiU 
fully fitted up, and works well, there is first 
perceived, on turning it, a crackling sound and then on bimg 
ing the knuckles toward the prime conduttoi a hnlliant spark 
leaps across, causing a sharp pricking sensation If the 100m be 
darkened, brushes of pale light are seen to dirt off continually 
from the most slender parts of the prime conductor, with a hiss- 
ing or fluttering noise, while cireles of light snap ilong the glass 
between the rubbers and the edgesof the co^eiu When electnaty 
is escaping plentifully from the machine, a person stindmg neaj 
also perceives a peculiar odor, which is that of ozone, and which 
seems always to accompany the development of plectncity 

Therefore, at least /omj- of the senses are directly affected hy 
this remarkable agency, while magnetism affects none jf them 

The phenomena of repulsion of like and atti action of nnhke 
electricities, are well shown by the machine. A skein of thread 
or a tuft of hair, suspended from the prime conductor, will, as 
soon as the plate is revolved, spread into as wide a space as possi- 
ble, by the repellency of the fibers which are electrified alike. 
Melted sealing-wax is thrown off in fine threads, and dropping 




:yGoogle 



250 



TATICAL BLBCTEICITT. 



^vatcr is diverged into delicate filaments. Even air, on those pai'ta 
of the prime conductor which are most strongly charged, becomes 
BO self-repellent as to fly off in a sti'eam of wind, which is plainly 
felt. 

On the otlier hand, light bodies, when brought toward the ma- 
chine while in action, instantly fly to the prime conductor; for 
that is positive, but the neai-er sides of the other bodies are made 
negative by induction. 

The difference between substances as to their conducting qnal- 
ity is readily pereeiyed by setting the quadrant electrometer on 
the prime conductor, raising the index by turning the plate, and 
then touching the prime conductor with the remote end of the 
body to he tried. If an iron rod, or even a fine iron wire, he thna 
applied, the index will fall instantly; a long dry wooden rod 
will cause it to descend slowly, while a glass rod will produce no 
effect at all. These experiments show that iron is a perfect con- 
dnctor, wood an imperfect conductor, and glass a non-conductor. 

402. Coulomb's Torsion Balance. — When a long fine wire 
is stretched by a small weight, its elasticity of toi"sion is a very 
delicate force, wbich is successfully employed for the measurement 
of other small forces. When such a wire is twisted through differ- 
ent angles, the force of torsion is found to vaiy as the angle of tor- 
sion ; it is therefore easy to measure tho 
force which is in equilibrium with tor- 
sion. The toraion balance is represented 

in Fig. 339. The needle of lac, n o, is 

suspended by a very fine wire from a 

stem at the top of the tube d The cap 

of the tube, e, is a graduated eircl , 

whose exact position is mirksd by the 

index, a. The stem fiom wl ich the 

wire hangs is held in place m the c ntie 

of the cap by friction but can be tmntd 

round so as to place the needle m my 

direction desired. At the end of the lac 

needle is a small disk of braes le-if n, 

and by its side a gilt ball m oonnecttd 

with the handle, r, by the glass rod, * 

This apparatus is suspended m the gla^s 

cylinder, covered witli a glass plate, on 

the centre of which the tube d f fastened Th re *) 

circle around the ejlmdcr on the leiel of the needle 

403. Law of Electrical Force as to Distance.— Adjust- 
ment is now made by turning the stem so that, while the wire is 
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in its natural condition, the disk, n, tonchea the ball, m^ and is at 
zero, and the index at top also at zero on the circle e. Let a mi- 
nute charge of electricity be communicated to m, and it will repel 
n, and canse it, after a few oscillations, to settle at a certain dis- 
tance — suppose, for instance, at 36°, The circle e is now turned in 
the opposite du-ection, tintil the needle ie brought within 18° of 
the ball m. In oiiier to bring it thus near, the index has to bo 
turned 136°, which added to the 18°, makes the whole torsio]! 
144°, or four times as great as before. Therefore, at one-half i'a^ 
distance there is four times the repulsion. In like manner, it is 
found that at one-third the distance there is mm times the repul- 
sion. Hence, the law, 

Electrical repulsion varies inmrsely as the square of the dis- 
tance. 

In a manner somewhat similar to the foregoing, it was concln- 
siyely proved by Coulomb that electrical attraction obeys the same 
law of distance, though there is more practical difiiculty in per- 
forming the experiments. But if the electrified body m is placed 
outside of the circle described by n, bo that the latter is allowed to 
vibrate both to the right and left, the square of the number of 
vibrations in a given time becomes a measure of the attractive 
force, as in the case of the pendulum (Art. 170). 

404. Waste of Electricity from an Insulated Body.— 
In making accurate investigation a like the foregoing, in which 
considerable time is necesaaiily occupied, a difficulty arises from 
the loss of the electrical charge. The first and most obvious 
gource of waste is the moisture in the air, which conducte away 
the fluid ; but this may be nearly avoided by setting into the cyl- 
inder a cup of dry lime, or other powerful absorbent of moisture, 
as represented in the figure. A second is the imperfect insulation 
affoi-ded by even the most perfect non-eondactora. A third is the 
mobility of the air, whose particles, when they have touched the 
electiified body, and become charged, are repelled, taking away 
with them the charge they have received. The loss in these ways 
is very slight, when the charge is small, and allowance can be 
made for it with a good degree of accuracy. But when bodies are 
highly chai^d, they lose their electricity at a rapid rate. 

405. An EJlectrical Charge Lies at the Surface. — This 
is proved in many ways. A hollow ball, no matter how thin, will 
receive as large a quantity of electricity as a solid one. Hence it 
is that the prime conductor of the electrical machine, and metallic 
articles of electrical apparatus generally, are made of sheet brass, 
for the sake of lightness. 

Let a metallic ball, snppoi-ted on a glass pillar, be charged 
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with either kind of electricity. Then apply to it two thin metal- 
lic hemispheres, by means of insulating handles. If they now be 
quickly removed from the ball, all the electricity which was pre- 
TiOHsIy on the ball is foimd ou the hemispheres. 

Ijet a dish, a (Fig. 330), be made of two brass rings and cam- 
bric sides and bottom, with an insulating 
handle, 5, attached to the larger ring. If ^^®- '^^^^ 

this vessel be charged with electricity, the ^^ii|j— ^ " -— -i 
charge is fonnd on the outside ; turn it ^^Kg 
over quickly, so as to throw it the other %J^ 
side out, and the charge is instantly found 

on the outside again, and none on the inside. It may be inveried 
several times with the same result, before the ehai'ge becomes too 
feeble to be perceived. 

If cavities are sunk into a solid conductor, no sensible quantity 
of electricity is found at the bottom of such cavities. In experi- 
ments of this kind. Coulomb found his torsion balance (Fig. 339) 
of great service. A proof plane, as he termed it — ^that is, a small 
piece of gilt paper cemented upon the end of a sleuder rod of lac, 
■was first touched to that part of an electi'ified body which was to 
be examined, and then applied to the ball of the instrument. The 
distance to which the needle was repelled indicated the intensity 
of electi-icity at the point in question. The charge taken from the 
bottom of an abrupt cavity was never sufficient to move the 
nee (lie. 

Another proof that the chaise occupies only the c 
face is that the intensity diminishes as .the surface : 
while the mass of the conductor remains the same. A metallic 
ribbon rolled upon an insulated cylinder may he unrolled, and 
thus the surface enlarged to any extent. An electroscope standing 
on the instrument will fall as tlie ribbon is unrolled, and rise 
when it is again rolled up. 

406. Distribntion of a Charge on the Surface. — Devel- 
oped electricity resides at the surface of a body, as we have seen, 
but is not uniformly diffused over it, except in the case of the 
sphere. In general, the more prominent the part, and the more 
rapid its mirvcdure , ii\& movQ- mi^nstly is the fluid accumulated 
there. 

In a long slender rod, nearly the whole charge is collected at 
the extremities. On the surface of an ellipsoid it is found to be 
arranged according to a very simple Jaw, namely : tlie quantity of 
the cJtarge at each point varies as the diameter through that point. 
But the tendency to escape increases at a more rapid rate, and 
vai'ies as the square of the diameter. Hence it is that electricitj 
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is SO rapidly dissipated from points, wliich may be regarded as tlie 
extremities of eUipsoids indefinitely elongated. If the eurface of a 
body is partly convex and partly concave, the distribution is still 
more unequal; nearly all the charge collects on the convex parts; 
and if the concavities are deep or abrupt, like those mentioned in 
Art 405, no sign of electricity is discovered in them. 

407. Rotation by Unbalanced Pressure,— As tlie olcetric 
charge on the surface of a body presses outward in all directions, 
■wherever it escapes from a point, there the pressure is removed ; 
consequently, on the opposite part there is inibalanced pressure. 
Therefore, ^ the body is delicately suspended, and one or more 
points are directed tangentially, the unbalanced pressure will 
cause rotation in the opposite direction, just as Barker'a mill ro- 
tates by the unbalanced pressure of water. Electrical wheels and 
orreries are revolved in this way. 

A windmill may also be revolved by the stream of air issuing 
from a stationary point attached to the prime condnctor (Art. 401). 

408. The Charge Held on the Surface by Atmospheric 
PresBiire. — The mutual repellency, which drives the pailicles 
asuader till they reach the surface of the conductor, tends to make 
them escape in all directions from that Burfece ; and it is the air 
alone which prevents. For if one extremity of a charged and in- 
Balated conductor extends into the receiver of an air-pump, the 
charge is dissipated by degrees, as the receiver is exhausted ; and 
■when the exhaustion is as complete as possible, the most abundant 
supply from the machine fails to charge the conductor. As the 
atmospheric pressure is limited to about 15 lbs' per square inch, so 
the amount of charge is limited which can be retained on a con- 
ductor of given form. Hence the reason for the well-known fact 
that the prime conductor receives all the charge which it is capa- 
ble of retaining in one or two turns of the machine. All that is 
gained over and above this, by continuing to turn, flies off through 
the air. 



CHAPTER III. 

ELECTRICITY BY INDUCTION.-LEYDEN JAE. 

409. Elementary Experiment. — When an electrified body 
is placed near one which is uuelectrifled, but not within the 
sphere of communication, thfe natural electricities of the latter are 
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decomposed, one being attracted toward the former, the other re- 
pelled from it (Art. 396). Thus the ends become electrified by 
the i7ijtuen<!e of the first body, without receiving any electricity 
from it. Let A (Fig. 331} be charged with positive electricity, 




and let the insnlated condactor, E C, be furnished with several 
electroscopes, as represented. Those nearest the ends will diverge 
most, and the others less according as they are nearer the centre, 
where there is no sign of electricity. By taking off small quanti- 
ties with the proof-plane, and testing them, it is found that nega- 
tive electricity oecnpies the end nearest to A, and positive the 
remote end. Eemove the bodies to a distance from each other, 
and B C returns to its unelectrified. condition; bring them near 
agfun, and it is electiifled as before, As this electrical state is in- 
duced upon the conductor by the electrified body in its vicinity, 
without any communication of electricity, it is said to he electn- 
fied by induction. If A ia first charged with the negative elec- 
tricity, the two electricities of B G will be arranged in reversed 
order ; the positive will be attracted to the nearest end, the nega- 
tive repelled to the farthest. 

Electrical indoction is exactly analogous to magnetic induc- 
tion; the opposite kind ia developed at the nearer end, and the 
like kind at the remote end. 

410, Successive Actions and Reactions.— If A is itself 
an insulated conductor, the foregoing is not the entire effect; for 
a reflex influence is exerted by the electricity in the nearer end of 
the conductor. Let A have a positive charge, as at first. After 
the negative electricity is attracted to the nearer end of B C, it in 
turn atti^acts the positive charge of A, and accumulates it on the 
nearest side, leaving the remote side less strongly charged than 
before. This is shown by electroscopes attached to the opposite 
sides of A. The charge of A, being now nearer, will exert more 
power on B C, separating more of its original electricities, and 
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thus making the nearest end more strongly negative and the re- 
mote end more strongly positive than before ; and this new ar- 
rangement of flnide in ^ C causes a second reaction upon A, of 
the same kind as the first Thus an indefinite diminishing series 
of adjustments takes place in a single moment of time. 

411. Division of the Conductor. — Suppose that before the 
experiment begins, B C is in two pai'ts with ends in contact; the 
entire series of mutual actions takes place as already described. 
Now, while A remains in the vicinity, let the parts of B C he sej)- 
arated ; then the negative electricily is secured in the nearest half, 
and the positive in the other. And if A is now removed, the pos- 
itive charge is diffused over the more distant half. Thus each 
kind of electricity can be completely separated from the other by 
means of induction. 

Here we find a marked difference between magnetism and fric- 
tional electricity. The electricities may be secni-ed in their sep- 
arate state, one in one conductor, the other in another. In mag- 
netism this is not possible ; for when an iron bar is magnetized, 
and then broken, each kind of magnetism is fonnd in each half of 
tlie bar. At the point of division both polarities exist, and as soon 
as the bai- is broken, they manifest themselves there as strongly as 
at the extremities. 

412. Effect of Lei^hening tha Conductor. — If the con- 
ductor, B G, ia lengthened, the accumulation on the adjacent parts 
of the two bodies is somewhat increased. The positive electricity 
which, at the remote end of the shorter conductor, operated in some 
degree by its rcpiilsion to prevent aceumuhition on the nearest 
side of A, is now driven to a greater distance ; and therefore a 
larger chai'gc will come ft-om the remote to the nearer side of A, 
which in turn attracts more negative to the nearer end of B C, 
and thus a new series of actions and reactions takes place in addi- 
tion to the former. To obtain the greatest effect from this cause, 
the conductor, B C, is connected with the earth — that is, it is im- 
insulaicd; then the positive part of its decomposed electi-icities is 
driven to the earth, and entirely disappears, and the negative part 
is attracted to the nearer end; so that, when the series of adjust- 
ments is completed, the remote end of tlie conductor is in the 
neutral state. This experiment is performed by tonching the 
finger to the conductor, after it baa become electrified by induc- 
tion. The electroscope nearest to A iostantily rises a little higher, 
and the distant ones collapse. 

If the original chai-ge in A was negative instead of positive, the 
foregoing experiments are in all particulars the same, except that 
the order of the two fluids is reversed. 
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413. Disguised Slectiicity. — The electiicity ■which occu- 
pies the surface of the prime coaductor, or any other hody electri- 
fied iu the ordinary way, and which is kept from diffusing itself 
in every direction only by the pressure of the aix (Art 408), Sq 
called /ree electricity ; for it will instantly spread oyer the surface 
of other conductors, when they are presented, and therefore will 
he lost in the earth, the moment a communication is made. But 
tlie electricity which is accumulated hy the inductive influence is 
not free to diffuse itself; the same attractive force which has con- 
densed it still holds it as near aa possible to the original charge; 
and if we touch the electrified body with the hand, the electricity 
does not pass off; it is therefore called disguised electricity. In 
this respect the two fluids on the contiguous aides of A and B 
are alike; either may be touched, or in any way connected with 
the earth, but, unless communication is made between them, or 
unless they are both allowed to pass to the earth, they hold each 
other in place by their mutual attraction, and show none of the 
phenomena of free electricity. 

414. A Seiries of Conductors. — If another insulated con- 
ductor, D, is placed near to the remote end of B 0, and A is 
charged positively, then that extremity ot B G nearest to i> is in- 
ductively charged with positive, as already stated. Hence, the 
electricities of D are separated, the negative approaching B C, and 
the positive withdrawing from it ; there is therefore the same ar- 
rangement of fluids in both bodies, but a less intensity in D than 
in B C. For, on account of distance, the positive is not so in- 
tensely accumulated at the remote end of 5 t? as in the origiuivl 
body A, and therefore a less force operates on I) than on £ C, 
The same effects are produced in a less and less degree in an in- 
definite series of bodies ; and the shorter they are, the more nearly 
equal will be the successive accumulations. The same facta were 
noticed in a series of magnets. 

415. An Blecttified Body Attracts an tTnelectrified 
Body, — This fact, which is the first to be noticed in observing 
electrical phenomena (Art 401), is explained by induction. If 
B C \s light, and delicately suspended, a consequence of the ar- 
rangement of fluids already described is, that B G will more to- 
ward A. For, according to the law of distance (Art 403), the 
negative in the nearer pai't is attracted more strcingly than the 
positive in the remote part is repelled ; hence the body yields to 
the greater force, and moves toward A. That the attracted fluid 
does not leave the body, B C, behind, and go to A, is owing to the 
fact, noticed in Art 408, that the body and the electiicity are con- 
fined to each other by atmospheric pressure. 
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416. The Inductive Action Greatly Incre^ed.— In ttie 
experiments as now described, the inductive influence is feeble, 
and the accumulation of electricities very small; for the bodies 
present toward eafih other only a limited extent of area, and they 
are necessaiily as much as four or five inches distant, in order to 
prevent the fluid from passing across. By giving the bodies such 
a form that a large extent of surface may be equidistant, and then 
interposing a sohd non-conductor, as glass, between them, so that 
the distance may be reduced to one-eighth of an inch or less, it is 
easy to increase the attracting and repelling forces many thousands 
of times. Let a glass plate, C D (Kg. 333), supported on a base, 
have attached to the middle of each 

side a rectangular piece of tin-foil. 
This is called a Franklin plate. Let 
A be connected with one coating, and 
B with the other. K, now, A forms 
a part of the prime conductor of an 
electrical machine, and B has com- 
munication with the earth, we are 
prepared to notice the remarkable 
phenomena of the Leyden jar. If 
the amount of surfece and the thick- 
ness of glass are the same, the partic- 
ular form of the insti'ument is im- 
material ; but, for most purposes, a 
vessel or jar is moi-e convenient than a pane of glass of equal sur- 
face, and is generally employed for electrical experiments, 

417. The Leyden Jar. — This article of electrical apparatus 
consists of a glass jar (Fig. 233), coated on both sides with tin-foil, 
except a breadth of two or three inches near the top, 

which is sometimes varnished for more peifi.ct insuH ^^ ^"'^ 
tion. Through the cork passes a brass r d which is m 
metallic contact with the inner coating and teimin ites 
in a ball at the top. 

On presenting the knob of the jar neai to the pnme 
conductor of an electrical machine, while thu latter is 
in operation, a series of sparks passes between the con 
ductor and the jar, which will gradually gi ow moie and 
more feeble, until they cease altogether. The lai is then 
said to be charged. If now we take the rfi ^charging » o I 
which is a curved wire, terminated at each end with a 
knob, and insulated by glass handles (Tig 334) and apply one 
of the knobs to the outer coating of the jai ind bring the other 
to the knob of the jar, a flash of intense li ^htn 'is cumpamcd 




ir 
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by a sliarp report, immediately ensaes. This is the discharge of 
the jar. 

If, instead of the discharging-rod, Fio. 234. 

a person applies one hand to the oiit- 
side of the charged jar, and brings the 
other to the knob, a sudden shock is 
felt, convulsing the aims, and when 
the change is heavy, eansing pain 
through the body. The sliock pro- 
duced by electricity was first discov- 
ered accidentally by persons experi- 
menting with a charged phial of water. This occurred m Leyden, 
and led to the construction and name of the Leyden jar. 

418. Theory of the Leyden Jar. — This instrument accu- 
mulates and condenses great quantities of electricity on its sur- 
faces, upon the principle of mutual attraction between unhke 
electricities, one of which is furnished by the machine, the other 
obta,ined from the earth by induction. First, sappose the ocitcr 
coating insulated; a spark of the positive electricity passes from 
the prime conductor to the inner coating, which tends to repel 
the positive from the outer coating; but as the latter cannot es- 
cape, it remains to prevent, by its counter-repulsion, any addition 
to the charge of the inside, and thus the process stops. But now 
connect the outer coating with tho eai'th, and immediately soma 
of its positive electricity, repelled by thcf charge on the inside, 
passes off, while its negative is attracted close upon the glass, and 
gives room for the accession of more from the earth. The slight 
condensation of negative upon the outside, by its attraction, con- 
denses the positive of the inner coating, and allows a second spark 
to pass in from the prime conductor. This produces the same 
effect as the first, and a second addition of negative is made to the 
outer coating, the latter being obtained from the earth as befoiu 
These actions and i-eactions go on in a diminishing series, till 
there is a great accumulation of the two electricities, held by mu- 
tual attraction as near each other as possible, on opposite sides of 
the glass. The jar in this condition is said to be charged. 

If the positive electricity ia on the inner coating, the jsur is 
£ai^.ia^3li positively charged ; if en the outside, mgativel^ eharg&d. 

419. The Spontaneous Discharge.— This occurs when the 
quantities accumulated are so great that their attraction will causa 
them to fly together with a flash and report over the edge of the 
jar. If the glass is soiled or damp, the fluids may pass over and 
mingle with only a hissing noise, in which case it is impossible for 
the jar to bo highly charged. 
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If the glass is clean and dry, an3 especially if varnished ivith 
gum lac, a elmrge may not wholly disappear for days, or even 
weeks. 

420. Series of Jars. — The same amount of electricity from 
the prime conductor which is required to charge one jar will 
charge an indefinite aeries, the strengtii of the charge being less and 
less from the first to the last. This case is analogous to the series 
of conductors (Art. 414). Insulate a series of jars, A, B, G, &c., 
and connect the inner coating of A with the prime conductor, and 
its outer coating with the inner coating of S, the outer of B with 
the inner of C, and so on. Then, as A is charged, the positive 
electricity of its outer coating, instead of passing to the earth, goes 
to the inside of S, and that on the outside of £ to the inside of 
G, &o,, while that on the outside of the last in the series passes to 
the earth. Thus each jar is charged positiYely hy the inductive 
iaflnence of the preceding, just as a series of magnets is formed 
with poles in the same order by a succession of magnetic induc- 
tions, 

421. Division of a Charge in any Given Ratio.— If one 
of two jars be charged, and the other not, and if the inner coat- 
ings be brought into communication, and also the outer coatings, 
the charge of the first jar is instantly diffused over the two, with 
a report like that of a discharge. In this way a charge may he 
halved, or divided in any other ratio, according to the relative sur- 
faces of the jars. 

The self-repelleney of each fluid tends to diffuse it over a 
greater surface, and they will be thus diffused-if allowed to remain 
within each other's attracting influence; hut owe of the fluids will 
not he spread over the coatings of another jar, unless opportunity 
is given for boiJi. to do it. 

An experiment somewhat resembling the foregoing is this: 
charge two equal jai-s, one positively, the other negatively, and in^ 
snlate them both. If the two knobs be connected by a conductor, 
the electricities, notwithstanding their strong attraction, will not 
unite ; for each is held disguised by that on the other side of the 
glass. But if the outer coatings are first connected, tlien, on join- 
ing the knobs, the jars ai-e both discharged at once. 

422. Use of the Ccatings.— If a jar is made with a wide 
open top, and the coatings movable, then, after charging the jar 
and removing tlie coatings, very little of the electricities adheres 
to the latter, but nearly the whole remains on tlie glass. The 
same mutual attraction which condensed them at first still holds 
them there after the coatings are removed. "When they come to 
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I, the jar can be discharged as usiial. But the coatings 
6 necessary in charging, to diffnee the electi'icity over tJiose parts 
of the glass which they cover, and also in digchai'ging, to conduct 
off the whole charge at once. 

423. The Free Poition of an Electrical Charge. — Either 
kind of electricity is said to be free when it remains on a body 
only because held by tlie preeaure of the air; but if held by the 
atti'action of the opposite kind, it is said to be disguised (Art. 413). 
Nearly all the electricity of a charged jar is disguised, but not the 
whole. 

The moment after a jar is charged there is a small quantity of 
free electricity on the coating to which the fluid, was furnished in 
charging, but not on the other. But after the jar has stood 
charged some minutes, a little is free on both coatings. If the 
charged jai be upon an insulating stand, and the finger brought 
to one coating, a slight spark is taken off; if it be touched again 
immediately, there is no spark, for the free electricity all escaped 
by the first contact. Let the fiugei" now be brought to the other 
coating, and a spark flies from that. Immediately afterward a 
second spark can he taken from the first coating, and so on alter- 
nately for hundreds of times usually before the charge wholly dis- 
appears. What is removed at each contact is the free pax't of the 
charge, which always appears alternately on the two coatings. If 
a small electroscope be connected with each coating, the fluid al- 
ternately set free is indicated to the sight. The electroscope on 
the coating which is touclied instantly ialls, and the other rises. 

424. Explanation of this Phenomenon. — The positive 
electricity which is conveyed to the inner coating, in charging a 
jar, attracts to the outer coating from the earth a quantity of the 
negative fluid which is a little less than itself. This is because of 
the thickness of the glass. If it were infinitely thin, the negative 
would be just equal to the positive, and they would neutralize 
each other, and both be perfectly disguised. But as the glass has 
some thickness, the positive exceeds the negative, and disguises it. 
Now if the jar, after being charged, is insulated, it is obvions that 
the negative charge on the outer coating cannot disguise all the 
positive (which is more than itself), hut only a quantity a little 
less than itself. Hence there must be a little of the positive on 
the inner coating in a free state. By touching the knob, we allow 
this free portion to pass ofi", and there is left less of the positive in 
the inner coating than there is of the negative in the outer. 
Therefore, all the negative cannot now be disguised, but a slight 
qnantity is liberated and ready to pass off as soon as touched. 
And thus, by alternate, conta^;ts, the process' of discharge goes on, 



:yGoogle 



VIBRATIONS AND REVOLUTIONS. 261 

the aeries being longer as the glass is thinner, heoaiise then the 
two quantities are more nearly equal. 

425. Electrical Vibrations and Revolutions. — K two 
jars be charged in opposite ways, and a figure msidc of pith be sus- 
pended between the knobs by a long thread, it will be attracted by 
that knob whose action on it happens to be greatest. As soon as 
it tonches, it is charged with that kind and repelled, and of conrse 
attracted by the other linob, which is in the opposite state ; thus 
it vibrates between them, causing a Tery slow discharge of both 
jara. In this case, the outside of the jars not being insulated, the 
electricity, wiiich is slowly set free on the outeide, passes off, and 
therefore there is always some free electricity on the knob to be 
imparted to the vibrating figure. 

The electricity of the prime conductor will also cause vibra- 
tions, without the use of a jar. Suspend from it a metallic disk . 
horizontally a few inches above another which is connected with 
the earth ; then if a glass cylinder surround the two disks eo as to 
prevent escape, a number of pith balls between the disks will con- 
tinue to vibrate np and down so long as the machine is in action- 
Each ball lying on the lower disk, being electrified by induction 
in the opposite way from the upper one, springs np to it, and 
then, being charged in the same way, is repelled. 

In a similai- manner a chime of bells may he rung, orreries re- 
volved, &c 

426. Residuary Charge. — If a jar stand charged a few mia- 
ntes, and after the discharge remain some minutes more, then a 
second, and possibly a tMrd, discbarge can be^made; but these are 
usually very slight. The electricity remaining after the first dis- 
charge is called the residuary charge. The larger the jar, and tlie 
more intense the charge, the lai^r is this residuum. It is probably 
explained as follows; The charge, at first hmited to the coatings, 
gradually diffuses itself on the uneoated glass for a little distance, 
according to the intensity of the charge and the length of time 
the jar remains charged. At the first discharge, only the elec- 
trjeity which is in contact with the coating is taken oS, and that 
which hes on the uncoated glass slowly diffuses itself back again, 
and is conducted over the whole coated surface ; so that, after the 
lapse of a minute or two, a sensible discharge occurs on applying 
the rod a second time. 

427. The Electric Battery. — Leyden jars are made of vari- 
ous sizes, from a half-pint to one or two gallons. But when a 
great amount of surface is needed, it is more convenient, and, in 
case of fracture by violent discharge, niore economical, to connect 
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Fig 335 
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several jars, so that tliey may be uaetl as one. Pour, niiio, twelve, 
or even a gi-eatcr number of Jars, are 
set in a box {Pig S35), whose inte- 
lior is linefl witli tinfoil, so as to con- 
nect all the outer costings together 
Their inner coatmgs aie also ton- 
nected, by wires joining all the 
knobs, or by a chain passing round 
all the stems. Oaie is necessan in 
discharging battenes, that the cir- 
cuit is not too shoit and too perfect, 

since the violence of dischaige is hable to pv,ifoi,ik the jars. A 
chain, three or fonr feet long in the circuit, will generally prevent 
the accident. 

428. Different Ronte» of Discharge. — If two or more cir- 
cuits are opened at once between the two coatings of a charged 
jar or battery, the discbarge will take one or another, or divide be- 
tween them, according to circumstances. K the circuits are alike 
except in length, the discharge will follow the shorter. If they 
differ only in conducting quality, the electricities will take the 
lesi conductor. If the circuits are interrupted, and in all respects 
alike, except that the conductors of one are pointed at the inter- 
ruptions, and of the others not pointed, the discharge will follow 
the line wliich has pointed conductors. If the circuits are veri/ at- 
tenuated (as very line wire, or threads of gold-leaf), the charge is 
liable to divide among them. 

429. Discharging Electrometers — ^These ore instruments 
contrived for measuring the charge in the at-t of disehirgmg the 
jar. Fig. 336 represents Lane's dischaigmg electrometer P is a 




rod of solid giiSb which holds the metallic lol and balls B C 
Thito r<"d bein^ m \ horizontal positiLii at the height of the knob 
A, can be placed at any desired distance ficm it Then if the 
circuit through which the charge is to be sent extends liom the 
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rod B C\a the external coating, the intei-val of air between A and 
if is all which prevents discharge ; and as soon as the charge is 
increased, till ita tension is sufficient to leap that interval, the dis- 
charge will take place. The greater that space is, of course the 
greater the charge must he^ before it will pass across. If A and B 
are in contact, no charge at. all will collect. 

The unit jar is used to measure the charge of another jar, by 
couTejing to it suceeasive equal charges of its own. A B (Pig. 
237) is the instraraent, consisting of a small open jar, placed hori- 
zontally on an insulating stand, B. Prom the metallic part of 
the support, the hent rod and ball, 0, come near to D, the rod of 
the inner coating, and can be turned bo a& to increase or diminish 
its distance. Let the knob, D, be near the prime conductor, and 
that of the outer coating near the top of the jar, E, which is to he 
charged, the ontside of the latter being in eommunieation with 
the earth. 'While A is charging, the positive electricity of ita 
outer coating goes to the inner coating of the large jar, and par- 
tially cbai'ges it Presently the nnit jar discharges spontaneously 
across the distance between D and C. It is then in the neutral 
condition, as at first, and the process is repeated till E is charged 
with the requisite number of units. 

430. The Effect of a Point Presented to so. Electri- 
fied Body. — It has been noticed (Art. 406) that a pointed wire 
attached to the prime conductor wastes the charge very quickly, 
because of the accumulation at the point. The conductor loses 
its charge just as quickly by presenting a pointed rod totoard it, 
IFor the induced electricity of the rod and person holding it is in 
like manner accnmulated at the point, and- readily escapes to 
mingle with and neutralize its opposite in the prime conductor. 
Thus the charge disappears at once. In a similar way is to be ex- 
plained the nse of the points on the prime conductor presented to 
the glass plate. When the two electricities are sepai'ated at the 
surface of contact between the plate and rubbers, the plate is posi- 
tively electnfied. This positive charge acts inductively on the 
prime conductor, attracting the negative kind to the points, where 
it passes off and nenti-alizes what is on the plate, and leaves a pos- 
itive charge on the prime conductor. 

431. The G-old-Leaf Electroscope. — The principle of in- 
duction explains the construction of some other instruments' be- 
sides the Leyden jar; as the gold-leaf electroscope, the electrical 
condensers, and the electrophorus. The first has been already 
described (Art SST) ; we have only to explain its operation bythe 
principle of induction. Let a body positively electrified be 
brought within a few feet of the knob. It attracts the negative 
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from tlie leaves into the knob, and repels the positive from the 
knob into the leaves; they are thus electrified alike, and repel 
each other. If the charged body is brought so near that the leaves 
touch the conductors, which are placed on the aides of the cylin- 
der, and discharge their induced electricity to them, then they 
collapse. After this, they will diverge again, whether the electri- 
fied body is brought still neai'er, or withdrawn ; if brought nearer, 
they diverge by means of a new portion of positive, repelled from 
the kaoh; if withdrawn, they diverge by the return of negative 
electricity from the knob, which is no,longer neutralized by the 
positive, since the latter has been discharged to the earth. 

432. The Electrical Condenser. — Instruments called by 
this name are intended for the accumulation of electricity from 
Borne feeble source, nnti! it may be rendered sensible. The most 
delicate is the gold-leaf condenser. Suppose the gold-leaf electro- 
scope to have a disk, A, instead of a knob on the top (Fig. 338). 
Another disk, B, is furnished with an insulating handle, 
and between the disks is placed the thinnest possible T"ig. 238. 
non-conductor, as a film of vaxnish. Bring the finger je 

in contact with the under-side of A, to connect it with 
the earth. Then bring to the upper side of B the source 
of feeble electricity (as, for example, a piece of copper, 
after being touched to a piece of zinc), the small quan- 
tity of electricity imparted to B induces an equal 
amount of the opposite in A, drawn in frem the earth. 
After the disks have touched each otlier again, a second 
contact upon B repeats the action; and^hen this has 
been done a great number of times, there are condensed on the two 
sides of the varaish small charges which are held in tliat state by 
induction. As yet, the gold-leaves are at rest ; but on removing 
the finger from A, and taking up B by the insulating handle, the 
electricity condensed in A is set free, flows down to the leaves and 
repels them, thus rendering the accumulation perceptible. 

433. The Iilectrophorus, — This is a very simple electrical 
machine for giving the spark. It consists p|.„ ^^^ 

of a circular cake of resin in a wooden 
base, A (Fig, 339), and a metallic disk, B, 
having a glass handle. Escite the resin by 
fur or flannel; set the disk B upon it, and 
touch the latter with the finger. The disk 
now has a disguised charge of positive elec- 
tricity, drawn in by the negative charge of 
the plate through the finger. On lifting 
the disk by the handle, its charge is act free, and may be t 
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off in a brilliant sparl:. Set the dist down again, touch it, and 
lift it, and the same tiling occura, even hundreds or thousands of 
times, and, after standing for hours, is ready to operate stii! in 
the same way. 

This case of inductive action seems at first perplexing, be<!ause 
there is no glass plate, no film of varnish, no non-conductor of 
any kind, between the two opposite electricities of the resin and 
disk. Why then do they not at once mingle, and neutralize each 
other ? It is simply because the resin is an excited body, the neg- 
ative electricity having been developed upon it by friction. When 
we touch the finger to the disk, the positive that enters does meet 
the negative, and neutraliae it for the time being ; but on separa- 
ting the plate and disk, the electricities also sepai-ate, as is always 
the case when an electric and the rubber are removed from each 
other after friction. Thus one charge on the resin may be made 
to induce any number of successive charges npon the disk. 

434. The Znductlou Machine.— This instrument (Fig. 340), 
known also as the Holta machine, from the name of the inventor. 



*""A 




develops electricity with great rapidity without fiiction, except as 
it is employed foramoment at firsttoelectrifyoneof the sectors, by 
the side of which the plate revolves. This electrified sector acts in- 
ductively on the successive portions of the revolving plate, with- 
out losing sensibly its own electric charge, just as the electropho- 
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IU8 plate induces chwge after charge on the metallic disk, without 
loss to itself.* 

435. The Leichtenberg Figures.— When a spark of elec- 
tricity is laid upon a non-conductor, it will, by its own self-repel- 
lency, extend itsetf a little distance along the surface.- The Leich- 
tenberff figures furnish a visible illustration of this feet, and also 
show that the two fiiiids diffuse themselves in very different forms. 
Lay down apai-ke of positive electricity from the knob of the IJey- 
den jar upon a plate of resin, and near them some sparks of nega- 
tive electricity. Then blow upon the plate the mingled powders 
of sulphur and red-lead. The sulphur, bythe agitation of passing 
through the air, will be electrified negatively, and attracted there- 
fore by the positive sparks; the red-lead, positively electrified, will 
be attracted by the negative. Thus the spots on which the elec- 
tricities are placed will appear in their exact forms by means of 
the colored powders attached to tliem. The positive resemble 
stars, or rather a group of crystals shooting out from u nucleus; 
the negative spots are circles with smooth edges; and the size of 
the electrified spots in, each ease depends on the quantity of elec- 
tricity in the spark. 



CHAPTER ly. 

EFFECTS OF ELECTRICAL -DISCHARGES. 

436. Variety of Effects.— Borne of the effects of electrical 
discharges have been incidentally noticed in the foregoing chap- 
ters. The bright light, the sharp sound, and the gi-eat suddenness 
of the transmission, are remarkable phenomena in every discharge 
of a Leyden jar or battery. The various effects may be classified 
as luminous, mechanical, chemical, and physiological. 

437. Lumiuous Effects.— Light is seen only when elec- 
tricity is discharged in considerable quantities through an ob- 
structing medium. Hence, no hght ia perceived when it flows 
through a good conductor, unless of very small diameter. But if 
there is the least interruption, or if the conductor is reduced to a 
very slender form, then light appears at the interruption, and at 
those parts which are too small to convey the electricity. Thus, 

* The Holtz maoliine haa been groatly improved by Mr. E. S. Kitchio, of 
Boslon, The figure preBeiits this improved form. Physicists are not fully 
agreed as to tli.0 mode of explwoing all the pheaomeaa of tlila maohino. 



:yGooglt: 



LUMINOUS FIGURES. 367 

_e of a battery through e, chain gives a brilliant scintil- 
lation at every point of contact between the links. 

438. ModiEcations of the Light—The length, color, and 
form of the electric sparlt vary with the nature and form of the 
couductors between whicli it passes, and with the quality of the 
medium interposed between them. 

Electrical sparka are more brilliant in proportion aa the sub- 
stances hetwem whioh they occur are better conductors. A spark 
received from the prime conductor upon a large metallic bail is 
short, straight, and white; on a small ball it is longer, and 
crooked ; received on the knuckle, a less perfect conductor, the 
middle part is purplish ; on wood, ice, a wet plant, or water, it is 
red. 

Trom a point positively electrified, the electricity passes in the 
form of a faint brush or pencil of rays ; a point connected with 
the negative side exhibits a luminous star. 

When electricity passes through rarefied air, the light becomes 
Mnt, and is generally changed in color. The electrical spark, which 
in common air is interrupted, narrow, and white, becomes, as the 
rarefiiction proceeds, continuous, diffused, and of a violet color, 
which tint it retains as long as it can be seen. If a battery is dis- 
charged through a tiibe several feet long, nearly exhausted of air, 
the whole space is filled with a rich purple light The sparks 
from the machine, conveyed through the same tube, exhibit flaah- 
ings aud tints exceedingly resembling the Aurora Borealis. 

The Geissler tubes ai-e tubes of complex forms, and containing 
a slight trace of some gas or vapor, which show various colors 
and intensities of electric light, according to the kind of gas, the 
diameter of the parts, and the quality of the glass. The electricity 
is conveyed into tlie tubes by platinum y/ires sealed into their ex- 
tremities. 

Various colors are obtained by sending charges through differ- 
ent substances. Aa egg is bright crimson ; the pith of cornstalk, 
orange; fluor-spar, green; and loaf-sugar, white and phosphor- 
escent. 

439. Luminous F^urea.— Metallic conductors, if of suffi- 
cient size, transmit electricity without any luminous appearance, 
provided they are perfectly continuous; hut if they are separated 
in the slightest degree, a spark will occur at every separation. 
On this principle, various devices are formed, by pasting a narrow 
hand of tinfoil on glass, in the required form, and cutting it across 
with a penknife, where we wish sparks to appear. If jui inter- 
mpted conductor of this kind be pasted round a glass tube in a 
spiral direction, and one end of the tube be held in the baud, and 
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the other he presented to an electrified condnctoi-, a coil of bvi!- 
liant points surrounds the tube. Words, flowei^, and other com- 
plicated forms, are also produced nearly in the same manner, by a 
suitable arrangement of inteiTuptions in a narrow line of tinfoil, 
running back and forth on a plate of glass. 

440. Meclianioal Effects.— Powerful electric discharges 
through imperfect conductors produce certain mechanical effects, 
such as perforating, tearing, or breaking in pieces, which are all 
due to the sudden and violent repulsion between the electrified 
pai'ticles. 

A discharge through the air is supposed to perforate it. If 
the air through which the spark is passed lies partially inclosed 
between two bodies which are easily moved, the force by which 
the air is rent will drive them asunder. Thus, a little block may 
be driven out from the foundation of a ^_ ,,,, 

miniature building, and the whole be top- 
pled down. But this enlargement of in- 
closed air is best seen in Kinnersley's air 
thermometer (Fig. 241). As the spark 
passes between the knobs in the large 
lube, the air confined in it is suddenly 
driven asunder, so as to press the water 
which occupies the lower part two or 
three inches up the tube, as represented 
As soon as the discharge has occuned 
the water quietly returns to its level. The 
sharp sound which is produced by the dis 
charge of a Leyden jar is due to the <(nd 
den compression of the air, and also to the 
collapse which immediately succeeds 

The path of the electrie spark through 
the air, when short, is straight; but if '"^~ 
more than about four inches long, is usually i nil 1 Tlni ii 
supposed to arise from the condensation of the au 1 efore it by 
which it is continually turned aside. 

When the charge is passed through a thick card or the cover 
of a book, aholeis torn thraugh it, which piesents the lOugh ap 
pearance of a bur on each side. By meins of the battery a quiru of 
strong paper may be perforated in the same manner; and such is 
the velocity with which the fluid moves, that if the paper be freely 
suspended, not the least motion is communicated to it. Pieces of 
hard wood, of loaf-sugar, and brittle mineral substances, are split 
in two, or shivered to pieces, by an intense charge of a battery. 
But good conductors of much breadth are not thus affected. The 
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charge, as it is transmitted, passes over the whole body, instead of 
being concentrated in any one line. But if liquids which are good 
conductors are closely confined on every side, they show that a 
violent expansion is produced by a discharge. Thus, when a 
charge is sent through water confined in a small glass tube or 
ball, the glass is shattered to pieces ; and mercury in a thick cap- 
illary tube is expanded with a force sufficient to splinter the glass. 
441- Chemical Effects. — These are various: combustion of 
inflammable bodies ; osydation, fusion, and combustion of metals ; 
separation of compounds into their elements ; reunion of elements 
into compounds. 

Ether and alcohol may be inflamed by passing the electric 
spark through them ; phosphorus, resin, and other solid combus- 
tible bodies, may be set on fire Ijy the same means ; gunpowder 
and the fulminating powders may be exploded, and a candle may 
be lighted. Gold-leaf and fine iron wire may be burned, by a 
charge from the battery. Wires of lead, tin, zinc, copper, plati- 
num, silver, and gold, when subjected to the charge of a voiy large 
battery, are burned, and converted into oxides. 

The same agent is also capable of i-estoring these oxides to 
their simple forms. Water is decomposed into its gaaeons ele- 
ments, and these elements may again be reunited to form water. 
By passing a great number of electric charges through a confined 
portion of air, the oxygen and nitrogen are converted into nitric 
acid. The ozone which is almost always perceived in connection 
with electrical experiments is to be considered as one of tlie cliem- 
ical effects of electricity. 

G-alvanic electricity is a form of this agent touch better adapted 
than frictional electricity to produce chemical as well as magnetic 
effects. 

442. Physiological Effects. — The shock experienced by the 
animal system, when the. charge of a ^ar passes through it, has 
been already mentioned. 

A slight charge of the Leyden jar, passed through the body 
from one hand to the other, affects only the fingers or the wrists; 
a stronger charge convulses the large muscles of the arms'; a still 
greater chai-ge is felt in the breast, and becomes somewhat pain- 
ful. The charge of a large battery is sufficient to destroy life, if it 
be sent through the vital organs. By connecting the chains 
which ax-e attached to the jar with insnlatiiig handles, it is easy to 
pass shocks through any particular joint, muscle, or other part of 
the body, as is fi-eqnently done for medical purposes. 

The charge may be passed through a great number of j}erson3 
at the same time. Hundreds of individuals, by joining hands, 
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hai'c received the shock at oncG, though there is more. difEenlty in 
passing a cliarge of given intensity as the numher is increased. 

If ttie spavk is taken by a person from the prime conductor, 
tho quantity ia not sufficient, unless the conductor is of extraordi- 
nary size, to produce what is called the shock ; a pricking sensar 
tion in the flesh where the spark strikes, and a slight spasm of tho 
muscle, ia all that is noticeable. A person may make his own 
body a part of the prime conductor by standing on an insulating 
stool — that is, a stool having glass legs, and touching the conduc- 
tor of the machine. This occasions no sensation at all, except 
what arises from the movement of the hair, in yielding to the re- 
pellency of the fluid. If another person takes the spark from him, 
the prick is more pungent, as the quantity is larger than in the 
prime conductor alone. 

443, Velocity of Electiicity. — This ia so great that no ap- 
preciable time is occupied in any case of discharge. ■ When we 
seem to see lightning move /rom the cloud to the earth, we find 
that such a progress is imagined, not perceived ; for, by a little 
effort, we can just as well learn to see it pass from the earth to the 
cloud. 

Wheatstone a few years since devised an ingenious method of 
measuring the time in which electricity passes over a wire only 
half a mile long. The wire \ras so arranged that three intemip- 
tiona, one near each end, and one in the middle of the wire, were 
brought side by side. When the diacharge of a jaj" waa transmitted, 
the sparks at these interruptiona wei-e aeen by I'efiection in a 
swiftly revolving miiTor. An exceedingly amall difference of 
time between the passage of those interruptions could be easily 
perceived by the displacement of the sparks aa seen in the whirling 
mirror. The amount of observed displacement- and the known 
rate of revolution of the mirror, would furnish the interval of time 
occnpied by the electricity in passing from one interruption to the 
next. By a sexies of esperimenta, Wheatatone arrived at the con- 
clusion that, on copper wire, one-jifteenth of an inch in diameter, 
electricity moves ai the rate of 388,000 miles per second, a velocity 
much greater than that of light 

Galvanic electricity moves very much slower. Its rate on iron 
■wire, of the size usually employed for telegraph lines, ia abni--^ 
16,000 miles per second. 
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CHAPTER V. 

ATMOSPHERIC ELECTRICITY.— THUNDER STORMS. 

444. Electricity in the Aiv. — The atmosphere is alwaya 
more or less electiiliod, sometimes pos'tively, Bometiraes negatively. 
This fact is ascertained by seYeral different foi-ms of apparatus. 
For the lower strata, it is sufficient to elevate a inetaUic rod a few 
feet in length, pointed at the top, and insulated at the bottom. 
"With the lower extremity ie conneoted an electroscope, which in- 
dicates the presence and intensity of the electricity. For experi- 
ments on the electricity of higher portions, a kite is employed, 
with the string of whicli is intertwined a fine metallic wire. The 
lower end of the string is insulated by fastening it to a support of 
glass, or by a cord of silk. If a cloud is near the kite, the quan- 
tity of electricity conveyed hy the string may be greatly increased, 
and even become dangerous. Cavallo received a large number of 
severe shocks in handling the kite-string ; and Eichman, of Peters- 
burgh, was killed by a discharge of electricity which came down 
tlie rod which he had arranged for his experiments, but which was 
not provided with a conductor near by it, for taking off extra 



The electricity of the atmosphere is most developed when hot 
dry weather succeeds a series of rainy days, or the reverse ; and 
during a single day, tlie air is most electrical when dew is begin- 
ning to form before sunset, or when it begins to exhale after sun- 
rise. In clear, steady weather, the electricity is generally positive ; 
but in falling or stormy weather, it is frequently changing from 
positive to negative, and from negative to positive. 

445. Thuuder-Storms. — Thunder-clouds are, of aU atmos- 
pheric bodies, the most highly charged with electricity ; but all 
single, detached, or insulated cionds, are electrified in greater 
or less degrees, sometiraeB positively and sometimes negatively. 
When, however, the sky is completely overcast with a uniform 
stratum of clouds, the electricity is much feebler than in the single 
detached masses before mentioned. And, since fogs are only 
clouds near the surface of the earth, they are subject to the same 
conditions : a driving fog, of limited extent, is often highly elec- 
trified. 

Thunder-storms occur chiefly in the hottest season of the year, 
and after mid-day, and are more fi'equent and violent in warm 
than in cold countries. They never occur beyond 75° of latitude — 
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seldom beyond 05", In the New England States tlicy usually 
come from the west, or some westerly quarter. 

The Btorm itself, including everything except the electrical ap- 
peai-anees, is supposed to he produced in the same manner aa 
other storms of wind and rain ; and the electricity is developed by 
the rapid condensation of watery vapor, and by friction. Elec- 
tricity is not to be regarded aa the caitse, but as a consequence or 
concomitant of the storm. But the precipitation of vapor must be 
Budden and copious, since when the process is slow, too mnch of 
the electricity evolved would escape to allow of the requisite accu- 
mulation. Also, if a storm-clond is of great extent, it is not likely 
to be highly electrified, because the opposite electricities, which 
may he developed in different parts of it, have opportunity to 
mingle and neutralize ; and points of communication with the 
earth will here and there occur. Clouds of rapid formation, violent 
motion, and limited extent, are therefore most likely to be thun- 
der-clouds. 

440. L%htiiing. — When a cloud is highly charged, it operates 
inductively on other bodies near it, such as other clouds, or the 
earth. Hence, discharges will occur between them. Lightning 
paseee frequently between two clouds, or even between two parts 
of the same cloud, in which opposite electricities are so rapidly de- 
veloped that they CMinot mingle by conduction. But, in genend, 
the discharges of lightning take place between the electi-ifled cloud 
and the earth, whose neai-er part is thrown into the opposite elec- 
trical state by induction. It is supposed that, in some instances, 
a discharge occni^ between two distant clouds by means of the 
earth, which constitutes an interrupted circuit between them. 
The crinkled form of the path of lightning is explained in the 
same way as that of the spark ftom the machine, and the thunder 
is caused by the simultaneous rupture and collapse of air in all 
parts of the line of discharge. The words cliain-lightning, sheet- 
lightning, and heat-iightning, are supposed not to indicate any real 
differences in the lightning itself, but only in the circumstances 
of the person who observes it If the crinlded line of discharge is 
seen, it is chain or forh lightning ; if only the light which pro- 
ceeds from it is noticed, it is sSeeWightning ; if, in the evening, 
the thunder-storm is so far distant that the cloud cannot be seen, 
nor the thunder heai'd, but only the light of its discharges can be 
discerned in the horizon, it is frequently called A^«i-lightning. 

447. Identity of Lightning and Slectncal Bischarges. — 

Franklin was the first to point out tlie resemblances between the 
phenomena of lightning and those of frictional electiicity. He 
was also the flrsti to propose the performance of electrical experi. 
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menta by medns of eleefcridty drawn from the clonds. The points 
of resemblance named by FranTilin were these : 1. The crinkled 
form of the path. 2. Both take the most prominent points. 
3. Both follow the same materials as conductors. 4. Both inflame 
eomhustible subetances. 5, They melt metala in attenuated forms. 
6. They fracture brittle bodies. 7. Both have produced blindness. 
8. Both destroy animal life, 9. Both affect the magnetic needle in 
the same manner. In 1753, he obtained electricity from a thunder- 
cloud by a kite, and chai'ged Jars with it, and performed the usiial 
electrical experiments. 

448. Lightning-Rods. — Franklin had no sooner satisfied him- 
self of the identity of electricity and lightning than, with his nsual 
Biigacity, he conceived the idea of applying the knowledge acquired 
of the properties of the electric fluid bo as to provide agiiinst the 
dangers of thunder-storms. The conducting power of metals, and 
the inflnence of pointed bodies, to transmit the fluid, naturally 
suggested tlie structure of the lightning-rod. The experiment 
was ti-ied, and has proved completely successful ; and probably no 
single application of scientific knowledge ever secured more celeb- 
rity to its author. 

Lightning-rods are often constructed of wrought ii'on, about 
three-fourths of an inch in diameter. The parts may be made 
separate, but, when the rod is in its place, they should be joined- 
together so as to fit closely, and to make a continuous surface, 
since the fluid experiences much resista,nce in passing through 
links and other interrupted joints. At the bottom the rod should 
terminate in two or three branches, going off in a direction from 
the building, and descending to snch a depth tJiat they will reach 
permanent moistnre. At top the rod should he several feet higher 
than the highest parts of the building. It is best, when pi-actica- 
ble, to attach it to the chimney, which needs peculiai' protection, 
both on accoimt of its prominence and because the products of the 
combustion, smoke, wateiy vapor, &c., are conductors of elec- 
tricity. For a similar reason, a kitchen chimney, being that in 
which the fire is kept during the season of thunder-storms, re- 
quires to be especially protected. The rod is terminated above in 
one or more sharp points ; and as these points are liable to lose 
their shai'pness, and have their conducting power impaired by 
rust, they are protected from con'Osion by being covered with 
gold-leaf or silver-plate. Sods may be made of smaller size than 
above described; but if so, there should be a proportionally 
greater number. It is well to connect with the rods, and with the 
earth, all extended conductoi-s upon or within the building, such 
as metallic coverings of roofs, water conductors, bundles of beil- 
18 
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wires, &c.; in order that largo discbai-ges may liave opportunity 
to divide, and take seveial eireuita, without doing injury at the 
non-eonducting inteiTals. 

449. In what way Lightning-Rods ASoTd Protection.— 
Lightning-roda ai-e of servici?, not so much in receiving a discharge 
Tvlien it comes, as in diminishing the nnmber of dischai^ges iu theu' 
yioinity. They continually carry on a silent communication be- 
tween the two electj-ieities, which are attracting each other, one 
in the cloud, the other in the earth ; so that .a yillage well fur- 
nished with rods has few disehai'ges of lightning in it. All tall 
pointed objects, like spires of churches and masts of ships, exert a 
similar influence, though in a less degree, because not so good 
conductors. 

During a thunder-storm, or immediately after it, if a pei-son 
can be near the top of a high rod, he will sometimes hear the hiss- 
ing sound of electricity escaping from it, as from a point attached 
to the prime conductor of a machine. In the same circumstances, 
if it were quite dark, he would probably see the brush or star of 
light on the point. The statement of OscBar in his Commentai'ies, 
"that the points of the soldiers' darts shone with light in the 
night of a severe storm," probably refers to the visible escape of 
electricity from the weapons as from lightning-rods. 

450, Protection of the Person.— Silk dresses are some- 
times worn with the view of protection, by means of tho iustda- 
tion they afford. They cannot, however, be deemed effectual un- 
less they completely envelop the person ; for if the head and the 
esti-emities of the limbs are exposed, tbey will furnish so many 
aTennes as to render the insulation of the other parts of the sys- 
tem of little avail The same remark applies to the supposed se- 
curity that is obtained by sleeping on a feather bed. Were tlie 
person situated witMn the bed, so as to be entirely enveloped by 
the feathers, they would afford some protection ; but if the person 
be extended on the surface of the bed, in the usual posture, with 
the head and feet nearly in contact with the bedstead, he would 
rather lose than gain by the non-conducting properties of the bed, 
since, being a better conductor than the bed, the charge would 
pass through him in prefei-ence to that. If the bedstead were of 
iron, its conducting quality would probably be a better protection 
than the insulating property of the feathers, since, by talking the 
charge itself, it would keep it away from the person. So, a man's 
garments soaked with rain have been Icnown to save his Ufe, being 
a better conductor than his body. Animals under trees are pecu- 
liarly exposed, because the trees by their prominence are liable to 
be the channels of communication for the electric discharge, and 
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the animal body, so far as it reaches, is a better coniJuctor than 
the tree. Tali trees, however, situated near a dwelling-house, fur- 
nish a pai'tial protection to the building, being both better con- 
ductors than the materials of the house, and having the advantnge 
of superior elevation. 

451. How Lightaii^ Causes Dam^e.— Tlie word strihe, 
which is nsed witli reference to lightning, conveys no correct idea 
of the nature of the ■ movement of electricity, or of the injury 
which it causes. One kind of electricity, developed in a cloud, 
causes the other to be accumulated by induction in the paii of the 
earth nearest to it. These electricities strongly attract each other; 
consequently, that in the earth presses upward into all prominent 
conducting bodies toward the other ; and, if those bodies are nu- 
merous, high, the beet of conductor, and terminated by points, 
the electncity will flow off from them abundantly, and mingle 
with its opposite in the air above ; and thus dischargee are in a 
gi'eat degree prevented. But if these channels for silent commu- 
nication are not furnished, the quantity of electricity will increase, 
till the strength of attraction becomes so great that the fluid will 
break its way throngh the air, usually from some prominent ob- 
ject, as a building or tree, and thus the anion of the two elec- 
trioities takes place. The bnilding or tree in this case is said to 
be struck iy lightning; it is rent, or otherwise injured, by the 
great quantity of electricity which passes violently through it, in 
an inconceivably short space of time. The effecte produced are 
exactly like those caused by discharges of the electrical battery, 
on a greatly enlarged scale. The charge of a large battery, taken 
through the body in the usual way, would prostrate a person by 
the violence of the shock ; but the same chai'ge, if allowed to oc- 
cupy a few seconds in passing by means of a point, would not be 
felt at all. 

Fulgurites are tubes of silieious matter formed in the ground, 
where hghtning has struck in sandy soil, and melted tlie sand 
around its path. 
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THE QALVAMIG CURRENT, AND APPARATUS FOR PRODUCING IT. 

452. Electricity Developed by Chemical Action. — In 

a glass vessel (Fig. 343) containing a mixture of one part of sul- 
phuric acid and seven or eight parts of 
water, put two plates, one of copper, C, 
and the other of zinc, Z, to each of which 
is soldered a copper wire. On biiugiug 
the extreme ends of the wiies togethei i 
feeble flow of electricity wiU take place 
through the wires, the plates and the 
liquid. This is called the gahanic oi 10} ' 

taic current of electricity. It is developed =^ 

by the chemical action of the a''id on the 
metals; and this condition of electiicit^ 

is called galvanic or voltaic, ft om Gj,l\<ini and A Al: i l ii u m 
philosophers, who made the lust discoveries of impoitanu. in this 
branch of science. It is also called dynamical electucity foi ica^ 
sons to he mentioned hereafter 

453. Definitions.— An element or cell is a jar containing any 
arrangement of substances for the purpose of obtaining the gal- 
vanic electricity. A battery is a number of elements properly con- 
nected with each other, 

1\iQ poles w electrodes Qi 9, (i^W or battery are the extremities 
of the wires where the electricities appear. 

The circuit is the path or conductor provided for the flow of. 
the enrrent — that is, the liquid, the . plates, and the wires. The 
circuit.is said to be closed when the wires are joined, so that there 
is a flow of the current; when they are separated, the current 
ceases, and the circuit is said to be brolcen, or to bo open. 
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454. The Essential Parts of an Element. — An element 
must consist of two unlike substances (they ai-e generally two dif- 
ferent me.feila), separated hy continuous moisture. 

Volta's original battery, called the dry pile, consisting of alter- 
nate disks of copper, zinc, and paper. Teas no real exception, since 
the paper absorbed sniBciont moisture from the atmosphere. 

455, The Cell of Two Fluids. — An element of copper, 
zinc, and dilute acid, already described, soon loses its effiieiency. 
Improved hatterics, hy which a constant flow of electricity may be 
maintained for a considerable length of time, are those in which 
two liqnids are employed, and generally some other substance than 
copper for one of the metals. The liquids must be sepaxated by 
Bome porous substance, which shall prevent them from mingling, 
and at the same time, heing saturated hy the liquid, shall not in- 
terrupt the. necessary moist communication between the metals. 




456. Constant Batteries. — Batteries composed of cells con- 
taining two liquids are called constant, because their action con- 
tinues for so long a time without sensible abatemunt. Among the 
best of these is Groves bafiery, one element of which is shown in 
Fig. 243, which represents a glass jar contain- 
ing a hollow cylinder of zinc, which has a ^^**' ®*^^ 
narrow opening on one side from top to bot 
torn, that the liquid in which it is placed niav 
circulate freely within it. Within the zinc i 
a cylindrical cup of porous earthenwnje and 
within that is suspended a launni of phti 
num. One of the circuit wires is m metalln, 
communication with the zinc, and the othei 
with the platinum, by means of the bmdmg 
screws at the top. The earthen cup is now 
filled with strong nitric acid, while the space onteide of it m 
which the zinc is placed, contains dilute sulphimc atid It is 
necessary to amalgamate the surface of the zme with mercury m 
order to prevent the action of the acid when the circuit is bi-oken. 

Sunsen's iattery is the same as Grove's, except that in it a 
cylinder of carbon is used instead of a leaf of platinum, on account 
of the expense of the latter.. It is ■ very generally employed in 
telegraphy. Fig. 344 is a Bunsen hattery of ten cells. 

457. Direction of the Current^Both positive and nega- 
tive electricities are furnished by a galvanic battery. In one of 
copper and zinc, the former is found at the extremity of the wire 
connected with the copper plate, wbich extremity is therefore 
called the positive electrode. For a corresponding reason, the 
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ether clscirodo ia tlic UGgs,live one. On the Bnpposition that elec- 
tricity 13 a fluid (a hypothesis which'is now discarded, though the 
convenient terms which it gave riae to, as current, Jlow, &c,, are 




retained) there aic anaifesdy two onrrpnts flowing m opposite 
directions Fii the saku of conveniencG only the 2>ositii e one is 
"pikpn of as f!ip current The direct on xa which thii! j asses 
thiough tht, 1 ires isfrom the copper io the zinc. 

458, OalvaniG and Frlctional Electricity Compared. — 

The eJeetricitica fnmiahed by chemical action and by friction are 
nndoubtedly the same in Idnd. But they differ in that the former 
is produced in greater qvantity, while ilio latter is in a state of 
greater intensity, or tension. This will he understood by refeiTing 
to heat. The quantity of beat ia a -warm room is -vastly greater 
than that in the flame of a lamp ; yet the former is agreeable, 
while the latter, if tonched, causes severe pain byite greate.r inten- 
sity. In a similar manner, a quantity of galvanic electricity may 
pass through the!>ody without harm, which, if it popsessed the in- 
tensity of frietional electricity, would instantly destroy life. 

The word tension, or intensity, expresses the degree of force es- 
crted by electricity in overcoming a {^ven obstacle, as a break in a 
circuit. 

(1) Thorn this difference in quantity and intensity results a 
very great difference in continuance of action. This is indicated by 
the terms dynamicai and statical. Galvanic electi'icity, being pro- 
duced in prodigious quantities and with very feeble tension, may 
flow in a steady, gentle stream for many hours, and is hence called 
dynamical While frietional electricity, being small in quantity and 
intense in action, darts through an opposing medium instantane- 
onsly, and with great violenco. What motion it has ia therefore 
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merely incidental to its paeaage from one state of rest to another. 
Hence the propriety of the term statical. 

(3) Again, owing to its low tension, galyanic electricity ■will 
traverse many thousands of feet of wire rather than pass through 
the thin covering of silk with which the wire is insulated, and 
which would be but a slight obstacle in the path of frictional 



(3) Analogous to the latter is its inability to pass from one 
conductor to another in its immediate vicinity. In oidei to es- 
tablish the flow of a current, the electrodes must first he hi ought 
into actual contact, or exceedingly near to each other They may 
then be separated more or less, accoi^ding to the intensity of the 
battery, without interrupting the carrent. 

459. Actual Amount— Comparisons have been made of the 
actual quantities oE electricity obtained by chemical action and by 
friction. Faraday has shown that to decompose one grain of 
water into its constituent elements, oxygen and hydrogen, requires 
an amount of fi-ictional electricity equal to the ehai-ge of a Leyden 
battery with a metallic surfece of thirty-two acrss, equal to a very 
powerfal' flash of lightning. But by a galvanic current, the same 
iresult is accomplished in three minntes and forty-flve seconds. 
From this some idea may be formed of the vast quantity of elec- 
tricity produced during the steady flow for several hours of a 
Grove or Buneen battery. 

460. Quantity and Tension Regulated. — It may be stated 
in genera] tliat quantity increases witli the surface of metal, and 
intensity with number of elements. Thus, from an element which 
presents two square feet of surface of metal to the action of the 
acidsj we obtain a greater qua/atity of electricity than from one 
whose metallic surface is one square foot, but no increase of ten- 
sion. On the other hand, from two elements, each of one square 
foot of surface, we find greater tension, but no increase in quantity. 

461. Manner of Connectii^ the Elements of a Bat- 
tery. — ^When quantity of electricity is desired, all the plates of 
the same name in the several elements should be united by con- 
necting wires, as, for example, all the zinc plates together, and all 
the copper together. The battery thus becomes substantially a 
single large cell, and is called a quantity iattery. 

When tension is sought for, the zinc of one cell should be 
joined to the copper of the next, and so on through the series. A 
battery thus formed is called an intensity iattery. 

462. Effects. — The presence of a galvanic current is indicated 
by certain chemical, physical, physiological, or magnetic efi'ects. 
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An example of the first is the ileeompoBition of water, already 
mentioned. 

A physical effect ia the production of light. When the elec- 
trodes ai'e brought together, and then separated, a spark is pro- 
duced of varying intensity and duration. 

The shock which is felt when the electrodes are held in the 
hands, and wliich affects more or less of the person, ia a physio- 
logical effect. 

The magnetic properties of a current will be spoken of here- 
after. 

463. Size of Battery for Required Results. — The phys- 
ical or physiological results obtained from a single element of or- 
dinary size of any kind are quite limited. No shock can be ob- 
tained from the direct current of a single cell. But a smart one is 
given by fifty Bunsen cells. It is felt only at the instant of closing 
or breaking the circuit. A shock from a battery of several hundred 
cells would afi'eet the system painfully, if not dangerously. Nine 
hundred cells of copper, aine, and dilute acid, furnish an arch of 
flame between the electrodes six inches in length. Brilliant re- 
sults are also obtained from twenty Grove cells. 

Such magnetic and chemical results as require a current of low 
intensity and small quantity may readily be obtained from a single 
cell. Such are electrotyping or the defiection of the i 
needle. 



CHAPTER II. 

ELBCTRO-MAONETtSM. 



464. Helices. — A wire bent in a spiral, as in Fig. 345, ia 
called a coil or helix. If the wire is coiled in tlie direction of the 
thread of a common or 
right-hand screw (Art 136), ^"t,!^^" 

it is called a right-liand ^ .S2S- 

helix; if in the direelion -^ 

of the thread of a left-hand 

screw, it is called a left-hand 

helix. "Without referring to ^ 

the screw, the distinction -^ 

between the right and loft 

hand helix may be described thus: When a person looks at a 

holis in the direction of its length, if the wire, as it is traced /)'om 
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him, ■winds from the left over to tbo right, it is a right-hand helix 
{Fig. M5); if from the rigM over to the left, a left-hand helix 
(Fig. M6). 

465. The Solenoid.— Let a helix he constructed as in Fig. 
34T, in which the ends are turned hack throiigh the coil, metallic 
contact being avoided throogh- 
oat; this is called a solenoid — Fig. S47 

that is, a tubular or ckannd- 
shaped magnet. Next^ let the 
electrodes p and m of a battery 
be famished with sockete, one 
vertically above the other, in 
which the two eijda of the helix 
wire are placed. The solenoid 
is then free to turn nearly a whole revolution around a vertical 
axis, at the same time that a current is passing througli it. The 
helix is supposed to he a left-hand one, and is bo connected with 
the batteiy that the current passes through it from iV to S, and 
therefore around it from right over to left. 

While the current flows, the following phenomena may be ob- 
served; 

1. K a magnet be brought near it, .?/"wilI he attracted by the 
south pole, and 6^, by the north pole. If, instead of a magnet, 
another solenoid be presented to it, whose corresponding extremi- 
ties ai-e N' and 8', N and S' will attract each other, as also 8 
and N'. 

2. If not disturbed, the coil will place itself lengthwise in the 
direction of the magnetic meridian, with the'extremity N toward 
the north, and 8 toward the south. 

3. If a bar of iron be placed within it, the bar will become a 
magnet, having its north polo at N, and its south pole at 8. 

If a rights-hand helix had been employed, all these phenom- 
ena would have been reversed, 

466. Ampere's Theory of Magnetism. — In these experi- 
ments a coil is found to act the same as a magnet whose north 
and south poles are at N and 8 respectively. We therefore de- 
duce the following : 

1. A helix traversed by a galvanic current is a magnet the 
position of whose poles depends on the direction of the current. 

3. Conversely, a magnet, like a coil, may he conceived to owe 
its magnetic properties to cuiTcnts of electricity which traverse it 

This is the theory of Ampere, and is the one generally received, 
notwithstanding some objections to it. 

In the helix a single current is present. But in a magnet we 
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must coneeiye of an infinite number of cuiTcnts, the circuit of 
each being confined to an individual molecule. Kg. 248 repre- 
sents a magnet accord- 
ing to this theory, and 
W and S (Kg. 349) 
show the extremities 
of the north and south 

poles on a larger scale. The aiTows on the convex surface show 
the general direction of all the cuiTents— that is, of tliose portions 
of them nearest the surface, 
VFhere magnetism is in fact 
developed — and may there- 
fore represent them alL 

Since S is the south pole 
of the magnet, as supposed 
to be seen by an observer 
looking at it in the direc- 
tion of its axis, it follows 
that when a magnet is in 
its normal position, that 
is,, with its norlh pole point- 
ing northward, its currents circulate from west over to east, and 
therefore from left over to right if the observer is also looliing 
northward. In like manner, it is evident that to a person looking 
along the length of a magnet, from its north toward its south pole, 
the currents circulate from the right over to the left. 

These supposed currents of the magnet ai-e so small that we 
cannot take cognizance of them directly. ' But on the basis of 
Ampere's theory, we may substitute for them the large and man- 
ageable current of a helix. Then, by determining experimentally 
the causes of magnetic phenomena in the case of the latter, we 
may assign the same causes to like phenomena of the magnet. 

467. Mutual Action of Cuirents. — 

1. If galvanic currents flow through parallel wires in the same 
direction, they attract each other ; if in opposite directions, they 
repd each other. These effects are shown in Fig. 350, where A B, 
A' B', turn toward each other, 




while G D, C D', turn away 
from ea<3h other. 

Hence, when a current f 
through a loose and flexible 
helix, each turn of the coU at- 
tracts the next, since the current 
moves in the same direction 



FiQ. 351. 
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tlirough them alL In tliie way, a coil Buepended above a cup of 
mercury, so as to just dip into the fluid, will vibrate up and down 
as long as a current is supplied. The weight of the helix causes 
its extremity to dip into the mercury below it ; this closes the 
circuit, the current flows through it, the spirals attract each other, 
and lift the end out of the mercury; this breaks the circuit, and it 
falls again, and thus the mOTement is continued. 

3. If currents flow through two wires near each other, which 
are free to change their directions, the wires t«nd to become paral- 
lel to each other, with the currents flowing in the same direction. 
Thus, two circular wires, free to revolve about vertical axes, when 
currants flow through them, place themselves by mutual attrac- 
tions in parallel planes, as in Fig. 251, or in the same plane, as in 
Pig, 353. In the latter case, we must consider the parts of the 
two cii'cuits which are nearest to each other as small portions of 
the dotted sti'aight lines, c d and ef. 





It appears, therefore, that galvanic currents, hy mutual attrac- 
tions and repulsions, tend to place thmnsehes parallel to each otiter 
in such a manner that thefiow is in the same direction. 

Supposing the same to hold true of the molecular currents of 
magnets, this single law will satisfactorily account for the phe- 
nomena of mngnetie polarity. 

In the following articles these phenomena are considered in the 
order in which they are mentioned in Art. 465. 

468. delations of Cunrente and Magnets to Each Other 
(1. Art. 465).— It should bo constantly borne in mind that lolien 
ihe north pole of a magnet turns toward a person, its currents cir- 
culate from his right over to his left. 

1. "WTien two solenoids, suspended as in Fig. 247, or when a 
solenoid and a magnet, or two magnets, are brought near each 
other, poles of different names attract, and those of the same name 
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repel. For, wben the magnets suspended from A and B (Fig. 253) 
ure in the same line, it is seen that tie currents are parallel and 



#-. 



■■\ \ 



flow in the same direction in all the corresponding pai'te ; and in 
Fig. 254, where they hang side by side, the nearer parts of the 




eurrenta are parallel and flow in the same direction. While in 
Fig. 255, where like poles are contiguous, the corresponding parts 
of the currents flow in opposite directions. 

2. When a m^net is suspended within a loop through which 
a current flows, if free to move 
it will place itself at right angles 
to the plane of the cii-cnit, with 
the north pole pointing toward 
» person, when the current 
passes from his right over to 
his left (Fig. 256). Therefore, 
if the circnit is in a horizontal 
plane, the magnet turns its north 
pole downward, if the current 
flows as in 'Fig. 257, or upward 
if the current is reversed. 
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3. When a magnet is brought neai- a closed cirauit wire, 
as + — (Fig. 358), it will place itself taiigciitially to a circle, xyz. 





whose centre is m the TV'ire, and its plane perpendicnlai- to it 
The pait of the wiie nearest to the magnet may be considered as 
a small poition of a loop around it, as in Fig. 256. This tangen- 
tial leHtion 18 maintained on all sides of the circuit, it being 
eyerywhere true that when the north pole is directed to a person, 
the current descends on the left, as if it had passed from the right 
oyer to the left. 

Comparing Figs. 357 and 258, it is evident that the current 
and the magnet may change places without disturbing their rela- 
tive directions, it being understood tliat the' current jlowa in the 
same direction in which the north pole points. 

469, The Q-alvanometer. — Advantage is taken of the direc- 
tive influence of a current on a magnet in the construction of tho 
galvanometer (Fig, 2j9) When the 
coil consists of many convolutiuns cf 
wire, a very feeble can nt passing 
through will deflect the needle fiom its 
north and south diicction and the 
amount of deflection serves as a meisuie 
of the galvanic force. Hence the nime 
of the instrument. To render it still 
more sensitive, a second smallei needk 
with poles reversed, attached to the =!ame 
vertical wire, makes the fiist nearly 
astatic with relation to the eaith In maLmg 'inch a coil the 
wire must be careful!} insulated This is geneially done hy^^ind 
ing it with silk thread In the tiguic th galymom t i is lepe 
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sented as covered by a bell-glass. The coil is seen beneath tJie 
gi-aduatod circle ; the deflected needle projects as a white line from 
within the coil, and directly above it is the needle, "which nearly 
neutralizes the earth's influence npon it. 

470. Polarity with Respect to the Earth (2. Art. 465).— 

It is believed that currents of electricity are constantly traversing 
the earth's ci-ust, passing aronnd it from east to west, and making 
the earth itself a m^net, with boreal magnetism developed at the 
north pole, and austral at the south pole. Thus the earth may be 
taten as the standard magnet, and both it and the currents aronnd 
it control the poliirity of the needle. For, as in Tig. 260, in order 

Fig. aeo. 




that the current of the magnet may be parallel with the i 
terrestrial current, and in the same direction with it, since the 
latter passes from east to west, the lower side of the former must 
also pass from east to -west. But in order that this may be the 
case, the north pole of the magnet must point northward, and this 
it does irhen free to obey the directive influence of tlie earth, 

At first view, the earth currents from east to west seem to be 
in the wrong direction; for that is from left over to right, to a 
person to whom the north pole points. This, however, is ex- 
plained by recollecting that the magnetism of the north pole of 
the earth is the same as that of the south pole of a magnet (Art, 
380). For convenience, that end of a needle which points north 
is called the north pole ; but by the law of attraction between op- 
posite poles, it must be unlike the north pole of the earth. There- 
fore, the rule for the direction of currents around a magnet must 
bo reversed when applied to the earth. 
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The existence of currents traversing the earth's cruet has been 
variously accounted for. The strong analogy between tiieni and 
those of thermo-electricity points to the heat of the sun ae at least 
a vory probable cause. 

473- Thermo-Electricity. — Let a number of bars of bis- 
muth (5) and antimony {«) be soldered together as in Fig. 361. 
Sow if the flame of a candle be earned 
around so as to warm the outer joints, a ^"^ ^^^■ 

current of electricity ■will pass through 
the circuit from left to right, and will in- 
fluence a needle near it Just as any other 
current would do, flowing in the same di- 
rection, furthermore, it is only while the 
metals are unequally heated that the cur- 
rent flows. We may therefore suppose that 
the terrestrial cm-rent may be caused, in 
part at least, by the unequal heating of 

the heterogeneous substances composing tlie earth's crust, as tlie 
sun's heat is alternately poured upon and withdrawn from tliem 
once in every diurnal revolution. 

472. Magnetic ludaction by Curreuts (3. Art 465). — 
Ampere accounted for the phenomena of magnetic induction by 
supposing that galvanic currents circulate through the molecules 
of all bodies, but in different directions, so that they mutually 
neutralize each other. That in a few substances, such as steel and 
iron, it ia possible to control these currents and cause them all to 
flow in the same direction ; and that when this is done, the phe- 
nomena of polarity ensue. 

Supposing this to be the correct explanation, the effect of a 
galvanic current {and in fact of any method of magnetizing) is 
simply, by repulsion and atti-action, to produce uniformity of 
direction among these magnetic currents. 

473. The Permanent and Temporary M^;net. — When a 
cun'ent of sufficient strength is passed around a bar of well-tem- 
pered steel, a pennanmt magnet of considerable power may be 
obtained. 

With soft iron, the result is a temporary magnet, which retains 
its magnetic properties only while the current is in motion. In 
either case the poles are always in the position which those of a 
needle would voluntarily assume if placed in the same relation to 
the current. 

474. The XT-Ms^net. — Lot a piece of soft iron, in the form" 
of a horseshoe or the letter U (Fig, 262), be wound with a coil of 
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insulated copper wire "whose etentiTTanl djiedn 

cupa of mercury, in which are also djjedtle lctola + and — 

of a battery. When all the wiro a e 

in metallic communication, the c F o 2 

cait is closed, and the current pass 

ing around the iron makes it a mag 

net ; and since to a person look g 

along the length of the helis tl o 

current passes from right oto t 

left, the north pole is at iV^, an 1 tl 

eonth pole at S. As soon a? tl 

circuit is broken by lifting o t ot 

the mercury any one of the w s 

the weight which was previously u 

tained will fall, showing thft th 

iron is no longer a magnet. 

475. Helices.~The form f co 1 or 1 U g e 1! i lo 
is shown in Pig. 363. Manj h n 
dreds or even thousands of feet of 
insulated wire are wound aroun 1 1 vo 
bobbins, and through the centre of 
each passes a branch of the TJ sha^ e 1 
iron ; or, more frequently the c nt il 
cores of iron are separate p ece 
joined by a third one across t of 
the ends, and thus a TJ-magnet of 
modified form is obtained. By era 
ploying a fine wire coiled many t les 
around the bobbins, a magnet of ve 
great power may be formed, eons le 
ing the weakness of the battery wl cl 
furnishes the current. A m gu 

formed by the use of a small B n -^=a" " 

cell has been known to lift five h n ^"^ "^ 

dred pounds, and with twenty G- o\e cello con be mad to s stain 
a weight of three tons. 
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CHAPTEK III. 

INDUCED CURRENTS. 
I. CuERENTs Induced by Cukrents. 

476. Experiment.— Place a copper wire, a i (Pig. 364), near 
'p n, the circuit wire of a battery. The current flowing through 
p n acts inductively on a h, decomposing its natural electricity. 
According to the general law of induction, the positive electricity of 




a ils attracted in the direction of n, and the negative in the direc- 
tion of JO. In this experiment let the following facts be noticed: 

(1) The decomposition of the natural electricity of a 5 occurs 
at the instant of closing the cirauit p n. 

(2) While the circuit remains closed, the current passing 
through it does not induce a currmit through a h. There is prob- 
ably, however, an accumulation of positive electricity in the direc- 
tion of i, and of negatiye in the direction of «; for 

(3) When the circuit is broken, the natural electrical equilib- 
rium of a & is instantly restored, and no further signs of a current 
can he detected until the circuit is again closed. 

The circuit is conveniently closed by dipping the end of the 
wire, e or d, m the cup of mercury m, aud broken by removing it 
from the cup. 

477. The Induced and Inducing Currentg. — The sudden 
decomposition of the natural electricity mentioned in (1) of the 
preceding Article involves a momentary jUno of the two electrici- 
ties in opposite directions ; that is, a current is made to traverse 
the wire from a to S, that being the direction of the flow of the 
positive ilnid (Art. 457). And the restoration of equilibrium 
mentioned in (3) involves a reversal of this flow; that is, it pro- 
duces a euiTent which passes from i to a. 
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These two currents in a 5 are called induced currents ; and the 
one in j7 «, to which they owe their origin, is called the inducing 
current. The presence, direction, and dnration of the induced 
currents are indicated by the galvanometer g. 

The terms floto, current, accumulation of electricity, &G., when 
applied to the whole wire, have no signifleance except as they in- 
dicate the resuUanis of those electrical disturbances which are 
probably confined to the individual molecules of the wire. 

478. Characteristics of Induced Currents. — It is obvious 
that induced eun-ents differ materially from the current of a bat- 
tery which is uniform in direction and constant in intensity for 
an appreciable length of time. The following are the distinctive 
features of induced currents : 

(1) Induced currents are instantaneous. 

(3) They result firom interruptions of the inducing current. 

(3) On closing the circuitj the direction of the resulting in- 
duced current is opposite to that of the indiicing enrrent. 

(4) On ireaking the circuit, the induced and inducing currents 
are in the same direction. 

479 Inducing and Induced Cm rents in one Wire. — 
We have thub tii c i s le cd oily the inductive influence of the 
current n \ w]re exteiioi to its circuit But the circuit- wire j? n 
itself possesses it& share ot natural electncity as well as a h. 

This %s ielieied to e^ht mdepen iently of the galvanic current 
passing tlirouqlt if and to he decompose! hy that current. In 
order, therefore to produce the piecedmg results with a single 
wire, let the circuit-wire 1 e _ 

coiled as m Rg 265 Each 
spire is now acted npon indue 
tivelybythe gilvan e cuiTent 
pa^ng through the adjicent 
spires in the mannei aiiualy 
described foi separate i; i'^ 
In addition to thiR mutual n 
ductive influence of the sever 1 
spires on e'ich othei it is prob 

ftble thatthenaturalelectiicityofeveiy portion of the wire is still 
further decompced by the galvanic eunent pissing through it 
Jop it is a noticeable fact that when a very long circait-wire is 
employed, induced currents are obtained even though it be eo 
nearly straight that no one portion can act inductively on another. 

The result of these several inductive actions is that when the 
circuit is closed and broken, regular induced currents are gen- 
erated in it. And since these coexist for an instant of time with 
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the inducing current, and pass tlwougli the same electrodes with it, 
it follows — 

(1) That when the circuit is closed, the inducing current is 
partially neutrahzed, and has its intensity diminished by the in- 
duced current which flows in a direction contraiy to iia own ; 
and 

(3) That when it ia opened, the induced current having now 
the same direction as the inducing current, reinforces it and aug- 
ments it« intensity. 

480, Mode of Naming Clrcoits and Currents. — The phe- 
nomena of induced currents were discovered by Faraday in 1832, 
and to him we owe the foregoing explanation of them. The fol- 
lowing. terms now in use were also introduced by him: 

The inducing current is called the primary current, and the 
wire it ti'averses the primary wirs. Ourrentfl induced in the pri- 
mary wire are called extra currmitsj the one obtained on closing 
the circuit is the inverse extra current j the one on opening it is 
the direct extra current (Art 478, 3, 4). 

A wire exterior to the primary, as a 6 in Fig. 264, is a sec- 
ondare/ wire, and the currents induced in it are secondary cur- 
rents. 

481. Currents Induced in Coils. — Instead of straight 
wires or loose spirals, compact coils of carefully insulated wire are 
employed. Thus all parts of the wire are brought much nearer to 
each other, and the inductive influence is far more energetic. In- 
deed, without a coil, the presence of induced currents can gener- 
ally be detected only with a dehcate galvanometer. The following 
experiments show the effects of coils: 

(1) Around a hollow wooden bobbin, $ (Fig. 366), coil about 
100 feet of No. 16 insulated copper wire. Let this be made a part 
of the circuit of a battery, as shown in the 
figure. This circuit is of course closed 
when m and n touch each other Now if 
m and n be held one in each liand and 
then sepai-ated, the body of the operate r 
becomes a part of th" circuit and the pn- 
mary current, not having sufficient inten- 
sity to pass through it, ceauc But the 
direct extra current passes thiough produemg a shocli "When 
the wires are brought together again, the pnmiiy and inverse 
extra currents pass through the metallic ciicuit, and no shock i*, 
felt. 

The more rapid the rate at which m and n aie brouE^ht to- 
gether and separated, the more decided are the itiults obtained 
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current, they atip^ment the effects of the latter, und the tcoultmg 
extra cnrreuts are of greater intensity. 

The effect of soft iron in the primary coil is an observed fact, 
and the above is the way in which Faraday .icoounted foi it on 
tlie basis of Ampere's theory. 

(3) Let the primary coil and bnndle of wues of the preceding 
iignre he placed within a secondary coil, d (Fig ^68), tiom which 
it is carefully insulated. This 
secondary coil should be made 
of wire much greater in 
length and smaller in diam- 
eter than that of which the 
primary coil is made. For 
instance, let it consist of 1500 
feet of No, 35 insulated cop- ■ 
per wire. "When the ends of 
this wire, h, k', are held one 
in each hand, every time the 
primary circuit is interrupted, 
a secondary current ti-averses 
the secondary circuit of which the peraon forma a part The re- 
sulting shocks will be quite appreciable, though the primary cur- 
rent be produced by only a single email cell. 

As in the first experiment, the effect on the person will become 
more marked as the interruptions increase in frequency. 

In the third experiment, the magnetic cuiTents of fiie iron core 
add their inductive influence, as already explained, to that of the 
primary current, thus increasing the intensity of the secondary 
currents, 

The effect of the extra currents also should not be overlooked. 
As these traverse tlie primary coil, alternating with each other in 
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direction, they tnaterially modify the effects of the primaiy and 
magnetic currents, whicli are nniforia in direction. 

482. Ruhmkorff's Coil.— The celehrated E hmkorff coil 
(Fig. 309) is not essentially different fiom the one j t described, 
except in having (1) an ar- 
rangement for prodncing a Fig "6') 
continned and rapid succes- f^ 

sion of interruptions in the 
primary current, (2) a com- 
mutator, or key, by which 
when desired the primary 
current may be stopped or 
its direction reversed, and 
(3) a condenser to neutralize 
the effecte of the extra cur 
rente. The condenser coi 
sists of sheet's uf tin t il n 
eulated bi ded silk They 
are place 1 out of si^ht 1 
the base of the \\ paiat i-, 
and are so connectel with 

the pnmaiy wire that the extn, cunents pats into them Owing 
to thih divasion of these mteifenng cunents the efliciency of the 
coil \h ler) mui,h mcre.iEod. 

483. Power of the Ruhmkoiff Coil. — Tlie efficiency of a 
Euhmkorff coii depends largely on complete insulation; and, in 
different coils, varies greatly with the length and fineness of the 
secondary wire. 

To secure insulation, the wires are (as UBua]) wound with silk 
thread, then each individual coil around the axis is separated from 
the succeeding one by a layer of melted shellac, and lastly a cylin- 
der of glaffi is placed between the primary and secondary coils. 

WiSi regard to the secondary coil, one of the largest size some- 
times contains sixty miles of the finest copper wire. "With such 
an apparatus, though the primary current be produced by only 
two or three Bimsen cells, the secondary currents are of such in- 
tensity that sparks eighteen inches in length, and of great bril- 
liancy, may be obtained ; and indeed, all the tension effects of a 
large electrical machine, as well ae the quantity effects of a power- 
ful galvanic battery, may be reproduced. 

Great care should be taken in handling an induction coil of 
this size, for the shock resulting from its discharge through the 
body would be dangerous, and might possibly prove fatal. 
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484. One Coil moved into, and out of, another. — In all 
that has preceded, the interruptions of the primary current have 
heen supposed to take place instantaneously. If these interrup- 
tions are gradual; the resulting induced currents remain the same 
in direction as l^efore, hut vary in intensity and duration. 

Thus, if the primary coil c (Fig. 370) be made to fit loosely in 
the secondary coil d, and then be moved \\ anl d wn (the pri- 
mary circuit iPDiaming Fig 3 
closed), it will be lound — 

(1.) Tliat each msci- 
tion and remove! ot it coi- 
responds, the one to a 
gradual closing, the other 
to a gradual opening of the 
primary circuit — the result 
of the former being an in- 
verse secondary current, of 
the latter a direct seconda- 
ry current. 

And since a continuons 
motion of the primary coil 
produces a continuous se- 
ries of instantaneous sec- 
ondary currents with no 
appreciable interval between them, it will bu fcund — 

(3.) That the secondary cuiTents aie mi>fim/ous m effect as 
long as the motion of the primary coil is contmuoti'i , 

(3.) Tliat their intensity varies with the rate of motion of the 
primary coil, diminishing or increasing as that is moved slowly or 
rapidly; from which it follows — 

(4.) That they cease whenever the primary coil is brought to a 
state of rest in any position. 

485. Changes of Intensity in the Primary Current— All 
the results just mentioned may he obtained if, instead of changing 
the position of the primary coil, as above, it remain at rest while 
a corresponding series of variations be produced in the primary 
current, — an increase of intensity in that corresponding to an 
insertion of the coil, and a decrease to a removal of it. 




"^^ 



II, CuRRBHis Induced bt Magnjjts. 



486. Magneto-electricity, — Faraday reasoned that if cur- 
rents could induce magnetism, a magnet ought to induce cuiTeats. 
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MAGNETO. ELECTRICITY. 

This he fouiicl to be the ease, and thus discovered a 
of physical science, to which he gave the name of 
tricity. 

If a magnet be used instead of the primary coil in Fig. 
the phenomena mentioned in Art. 48i may be reproduced. 

Thus, with the coil and magnet in 
Kg. 271, we obtain the followii g i F b " l 

suits: 

(1.) When the magnet is altemit ly f" 
inserted in and withdrawn from the oil 
the latter is traversed by induced cnr ., 
rente alternating with eacli other u d 
rection. 

(3.) These currents are eont 
while the magnet is in motion. 

(3.) Their intensity diminisl eS o 
increases as the magnet moves sk 1 o 
i-apidly. 

(4.) Tlioy cease when the motion of the magnet ceases. 

487. liiKplanation of the foregoJBg rbenomsus,— On the 
basis of Ampi^re's theory, the correspondence of these phenomena 
with those of Art. 484 can readily be accounted for. For the mag- 
net may be considered a true primary coil, its magnetic cuiTents 
corresponding to the primary current in Fig. 370. With regard 
to them, the induced cun'ents are reguhir inverse and direct sec- 
ondaries; for in any given case they will be found to have the 
same direction as those induced by a primary current whose di- 
rection corresponds with the siipposad direction of the magnetic 
currents. 

It will be seen at once what a strong argument is here fur- 
nished in favor of Ampere's 



488. An Iron Core, 
changing ite Magnetic 
Intensity. — Replace the 
magnet (Fig. 271) by a bar 
of soft iron inserted in the 
coil, and let a magnet be 
alternately hroagbt near 
this, and lemoved Irom it 
as in Fig 272 The same 
results will be obtained a'* 
in the preceding seiies of 
esperimtntb Tht pioiim- 
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ity of the magnet induces magnetism in tlie soft iron, and its 
motions to and fro produce varia,tion8 in this induced magnetism 
correeponding precisely with the varying intensity of the primary 
current mentioned in Art. 485, and, as might he expected, the 
results are the same. 

In this esperiment, it is ohYiously immaterial whether the coil 
be at rest and the magnet ho moved, or the m^net he at rest and 
the coil he moved. Tlie latter method is adopted in some mag- 
neto-electric machines. 

489. Clarke's Magneto-electric Machine. — In front of 
the poles of the "U-oiagnel, A (Fig. 373), is revolved the armature. 




.y^' 



consisting of the two hohUns, B, B', which are coils of fine wire 
with cores of soft iron. These cores are joined to each other and 
to the axis of rotation hy the bar of soft iron, V, and motion is 
communicated hy the multiplying wheel and band at W. 

As one of tlie bobbins passes before a north pole while the 
other is passing before a south pole, the resulting induced cur- 
rents are relatively of contrary directions ; hut as one of the coils 
is always right-handed and the other left-handed, the currents 
parsing through them at any given instant have the same abso- 
lute direction, so that the two coila act as one. 
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Fig. 374 shoM-s the poles of the fixed magnet, and the direction 
in which the armatnre i-evolves. The msufimum magnetization 
of the soft iron cores occnrs when the bobbins are directly in front 
of ^and 8. While they move throagh 
the first and thii-d quadi'ants they are l^o- 274. 

lositiff their magnetism, and while mov- 
ing through the second and fourth they 
axe acquiring that of the contrary hind. 
The resulting induced currents will thus 
be direct and inverse to contrary hinds 
of magnetism, and will therefore have 
ike same absolute direction. But as the 
bobbins pass from the second quadrant 
to the third, and from the fourth to the 
first, they lose the magnetism just ac 
quired, and the induced currents change 
from inverse to direct tvith reference to 
the same kind of inagnelism, and there 
fore become reversed in absolute dircc 
lion. J ^^ * 

Hence the semi-revolutions of the 
armature oa opposite sides of a line 

joining the poles of the permanent magnet pioduce cuironts i,f 
contrary directions. 

490. The Commutator. — Fig. 375 is an enlarged view of the 
outer end of the axis (Fig. 273), and shows the commutator, or 



/ 



\ 



/ 




arrangement b> mpins of which the contrary currents just men- 
tioned are mide to furnish one — or rather a series of currents — 
flowing m the same direction 

Two pieces of brass, m and «, are insulated from each 
other by being fitstened to an i\or} nng i, around the axis. They 
are so connected with the wires of the coils that at any given in- 
stant both coils present to m one bind of polarity, and to n the 
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other; tliafc ia, they are made the poles of the two coils acting aa 
one. Against m and n press two eprings, 6 and c, which are 
hronght into communieation with each other through the plates 
P and P', and the handles // and h', whenever the latter are joined. 
When 5 and c press against m and n respectively, it will be seen 
that the eircHit is complete. Let us suppose that the induced cur- 
rent ia passing through it in the direction indicated by the arrows. 
"When the armature has revolTed through 180° from its present 
position, m and n will haVe changed places — hut they will also Mve 
Ranged polarities (Art. 489). Therefore n presents to 5 the same 
polarity which m did, and hence there is no change in the dii'ec- 
tlon of the current through & and c. 

491. Effects cf Eapid Revoh'ition.— The intensity of the 
induced cun'ents of this machine, as also the rapidity with which 
they succeed each other, is regulated by the rate of revolution of 
the armature. "When this is rapidly revolved, they produce all the 
effects of a single voltaic current, so that the apparatus may he 
used as a galvanic battery with h and h' for its electrodes. At the 
same time its physiological effects are most remarkable, the shocks 
becoming unendurable when it is revolved ivith great rapidity. 
The shocks are more powerful when a third spring, a (Fig. 374), 
is attached to the plate F', near c. 

492. IJEirge Machines. — In large magneto-electric machines 
of this kind, increased efficiency is obtained in two ways : 

Mrst, by multiplication of magnets. In Nollet^s machine, eon- 
stnict«d in 1850, 193 magnetized steel plates are so combined as 
to make 40 powerful U-magneta. These are arranged in eight 
rows around the circumference of a large iron frame inside of 
which revolve sixty-four bobbins. 

Second, by multiplication of currents. In Wild's machine, con- 
structed on this plan, the induced cuiTenta first obtained, instead 
of being directly utilized, are passed through the coils of a large 
eleetro-raagnet. Before the poles of this a second armature re- 
volves, and the resulting induced currents are far more powerful 
than the first These may in turn be made to magnetize a second 
electro-mE^et before the poles of which a third armature re- 
volves, &C, 

Currents of veiy great intensity may be obtained from either 
of these machines. The motive power employed is generally a 
steam-engine of from one to fifteen-horse power. 



:yGoogle 



ELECTROLYSIS 



CHAPTER IV. 

PRACTICAL APPLICATIONS. 

493. Classification. — The applit^ations of Galvanic electricity 
in tlio ai'ta and sciencea, as well us in the affairs of every day lifu, 
are evameni^j practical Tliey may be classifled, according to the 
way in which are utilized those molecular forces whose resultant 
is known 38 the current 

It may he stated in general that these applications ore made 
either idthin the cirmdt, or exterior to it. 

WitJdn the circuit. Here the electrical force is employed (I) 
directly, or (11) by being first made to produce the effects %/(i 
and keat, which are then applied as desired. 

Without the circuit. Here it is employed indirectly (HI) hy 
being made to reappear as mechanical motion through the iater- 
veution of the kindred force, magnetism. 

Examples will he given of each. 



I, DiEECT ArPLICATIOS'S OF THE ClTEEEHT. 

494. Electrolysis. — When a current is passed through a bi- 
nary compound {i. c., one containing two elements), the compound 
is decomposed, one of its elements appearing iit the positive elec- 
trode, the other at the negative. 

For inafcanee, wat^r, consisting of the two gases oxygen and 
hydrogen, is thna decomposed. 

In the bottom of the dish D (Fig. 37G), partly filled with water, 
are fastened p and n, the 
platinum electrodes of a bat- 
tery. Over these are placed 
two tubes, and H, full of 
water. On closing the cir- 
cuit, oxygen rises from p 
into 0, and hydrogen from 
n into H. 

Electi'olysia is of the ut- , 
most importance in chemia- ^ -sw®'^^ 

try. Tliua, the preceding ~ 

experiment givca a correct 
analysia of water, and if oxygen had been previously unknown, 
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would have been the means of ita discovery. In thia way were 
discovered several of the metallic elements. 

No less important are its applications in the arts. For when a 
solution of a metallic salt is subjected to the action of tho current, 
it is decomposed and a permajieiifc film of the metal is deposited 
on any suitable material placed so as to receive it. The process is 
then called eUctro-metallurgy, or electro-plating. 

495. JBlectro-pIatiiig. — The bath (Pig. 277) contains a satu- 
rated solution of blue vitriol (sulphate of copper). In this is sus- 
pended by wires from the metallic rod D a plate of copper C, and 
from B (also metallic) the 

cast of a medal m, which ^^''- ^~'''- 

is to be coated with copper. --=>- ■? 

Connect D with the posi- 
tive electrode of a batteiy 
and B with the negatiie 
The current pa=!smg 
through the solution re 
moves from it particles cf 
copper and deposits thtm «. ■•''^ 

on m. Those taken fiom 

the liquid are replaced by i 

gradaally wasted away and \ 

If the bath contains a ouiubiuii m guiu, «im <j lo icjjii^iji^u u/ 
a piece of gold and m bya silver cup, the cup will be electro-gilded. 
Eledro-silvering is an analogous process. 

To produce in any case a firm and 'even coating, the process 
must be allowed to proceed slowly by the employment of a weak 
eaiTent. On a small scale a single cell is sulficient. In large es- 
tablishments a magneto-electrical machine turned by steara baa 
been successfully and economically used: 

496. Electrotyping. — By taking proper precautions, the cop- 
per film deposited on m may be removed, and its surface will be 
found to present an exact fac-simile of the medal o'f which m ia an 
impression. Therefore if m is an impression of the type from 
which a page is printed, when the copper has been removed and 
stiffened by melted load (or some alloy) ponred over its under sur- 
face, it may be used in the printing-press instead of the type. It 
is then called an eUctro-type plate, and when not in use may be 
preserved indefinitely for succeeding editions, while the type of 
which it is a copy can be distributed and used for other purposes. 

497. Medicinal Applications. — The shocks produced by 
the passage of interrupted currents through the system have al- 
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ready been alluded to. In 
properly applied, liave been 
On the other hand, great inji 
cation. Hence they should 
tlie direction of a reliable 

The familiar medical 
compactly stored in a box 
square at the end, does not 
489), except in lacking the 
through the body alternating 



certain ailments these sbocks, when 
known to produce beneficial results- 
ury has resulted from their misappli- 
be employed as remedies only under 



machine, which comes 
inches long and about four inches 

differ essenHally from Clarke's (Art. 

commutator, so that its currents pass 
with each other in direction. 



11. Applications of Electric Light axd Heat. 

498. Light by the Electric Current. — The electric light 
may be advantageously employed for brilliant illumination on 
special occasions ; also where a strong penetrating light is needed, 
as in ligljt-houses, or for signals between ships. For exhibiting 
to an audience magnifiedimages of small objects (as with the pro- 
jectiug microscope) it has no superior ; and to the physical experi- 
menter the various colors it assumes on passing through highly 
rarefied gases of' different kinds are of great interest. But as yet 
it cannot compete with gas-light for ordinary illumination. 

To obtain the most brilliant effects carbon electrodes must be 
employed, and as these are constantly changing in length they 
must be kept at a uniform distance apart by machinery. The 
flame ia not straight, but curved, as in Fig. 378, and is called the 
voUaio arc. To ob- 
tain it, the electrodes ^"^ ^"° 
must first be made 
to touch each other. 
With 93 Bunsen ele- 
ments the light has 
been found to pos- 
sess more than one- 
tliird the intensity of 
direct sunHght. 

499. Heat by 
the Electric Cur- 
rent. — The heat as 
well as the light of 
the voltaic arc is in- 
tense. In the labo- 
ratoryit is employed 

ff and vol- 
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utilize refractory siibstanees. When the lower electrode is hol- 
lowed out in the form of a cup, a piec« of platinum (one of the 
least fusible of metals) placed in it is melted like wax in a candle, 
and a diamond, the hardest of known suhfitances, is bnmt to a 
black cinder. To produce either of these results, a battery of 
great power must be used. 

Metals may also be deflagrated by being made part of the cir- 
cuit in the foi-m of yery fine wires. They are thus employed to 
spring mines in time of war, or in blasting rocks. In Fig. 379, £ 
is a box full of fulminating powder, and w is a ^ei-y fine platinum 



wire, about | m m length, fastened to p and n which are insu- 
lated copper wires extending to a battery situated at any couTe- 
nient distance S and its contents ire the fuse which is mseited 
in the powder to be fii'ed. Wlien a moderately stiong cuiient 
passes through w, it is heated sufficiently to ignite the fuse, and 
the powder explodes. 

III. MechiVNical Applicatioxs. 

500. Made tlirough the Medium of Induced Magnetism. 

— As has been seen in preceding experiments, magnetism may be 
induced in a piece of steel or iron by the current passing through 
a circuit which is near it. Henca induced magnetism and its ap- 
plications are results obtained outside of flie circuit. 

This magnetism may be utilized directly. iPor compass and 
galvanometer needles are ordinarily made by placing a steel needle 
in a helix through which a current is sent (Art. 4T3). 

- But its most numerous and important appheations are in the 
way of mechanical movements. All these are modifications of the 
simple rising and falling of the armature of a U-magnet, men- 
tioned in Art. 474. Thus, the pio. ggo. 
armature A {Fig. 380) is lim- 
ited in its fall by the metallie 
base B, so that it is within the 
influence of J/" the next time 
that it becomes a 
Ilence, when the circuit is 
closed and broken at n p, the 
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end A of the lever Z rises autl falls. It is evident ihat the cor- 
responding motions of the end £ may be applied in a variety of 
ways. A few of these are described in the following articles. 

501. Electro-me^oetic Engine. — E may be attached to a 
vertical arm, and that to tho crank of a fly-wheel (Fig. 381), and 
the inteiTuptions of the cwrrent may be mido aiitom^tii. by con- 
necting p with L, and n 
with B. "When A rests on 
B the circuit is closed ; M 
becomes a magnet, and A is 
attracted by it ; but as soon 
esA rises fiom .B the >"r 
cuit IS opened il/ nw 1 i gc 
attracts it and it falls ba<;k 
only to close the ciicu t 
a^ain an 1 repeat the same 
movements is bcfor The 
tendency of this is to pro 
duce a rotaiy motion m the 
fly wheel and the ippaiatns 
invohea the pnnciple of a 

single-acting engine. With a second electro-magnet^ and a some- 
what different arrangement of parts, an actnal double-acting en- 
gine may be constructed. 

Various forms of this engine have been eonstrncted and exhib- 
ited as curiosities, or used wliere expense was not regarded. But 
it cannot compete with the steam-engine as long as zinc and acids 
coat so much more than coal. 

502. Electro-magnetic Telegraph.— To our countryman. 
Prof. S. F. B. Morse, is due the credit of the erection of the first 
telegraph line in the United States. It extended from Baltimore 
to Washington, and went into operation in 1844. 

Communication in various ways by means of electricity be- 
tween places a few miles apart was not untnown in Europe before 
that time, and several ingenious systems have appeared since. 
One of these is Wheatfitone's, which is commonly usmI- in England. 
But the Morse system has been very generally preferred on ac- 
count of its greater simplicity and efficiency, and it is now widely 
used in the United States and on the continent of Europe, where 
it is known as the American system. The principle of its opera- 
tion is as follows: 

Let E of Kg. 380 be furnished with a style e (Fig. 383) directly 
over which is the groove on the surface of a solid brass roller c. 
Between c and c is the long paper ribbon R R. Also let A be 
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placed aiove 3f End be fumiahed with a spring s to raise it as far 
as the screw i allows when it is not attraetM by M. When the 
circuit is closed, A is attracted and e rises and forces the paper 




into the groove j rodnc ng 1 ^1 1 el t on on ts pper u face 
The ribbon is j. He 1 ilo g at a n fo n t n the di t wn of 
the arrow by clo 1 wo 1 ( t si o n n tl e h ) so that vhen 
the circuit rema ns clos d foi a httle t me a dasi a ma Led on 
the paper by e ; when t s closed ind nstantly opened the res It 
is a dot — or rathei a very Jo t Iisl Spaces aie left between 
these whenever tl e c eu t la opened Combmafc ons of tl se dots 
dashes, and spaces all ei efnlly regulated m length con j ose tl e 
letters of the alphal et Spac s are als left bet veen tl e lette 
and longer ones between wor Is 

By lengthen g the c reu t v e t is ev d t tl nt tl pe son 
who sends the mesaage at j an\tle one wl o r c s t at i7 
may be miles ai i t and the t in&m st on W 11 he aim at nstanta- 
neous owing to tl e rap d i ass\,e of th current 

The essential i rts of tl s yst m o ndeed of i y system are 
a communicator at w p, an indicator at S!, and a wire extending 
from one to the other. 

503. The Connecting Wii-e. — It was at first supposed that 
a complete metallic circuit waa necessary, hence a return wire was 




employed But this waa rejected when it was found that the 
eaith could be used as a part of the cucuit, as sho^n m Fig 383 
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(9aiid s an, the terminal BtatioiiB and s is on of the way stations 
which niij uccni an}whtie ilong the line At e\ejy station both 
a commuuicatoi t and mdieatoi / ait intioduced into tlie cir- 
cuit, so that nifoagLS can be both sent and received 

504 The Communicator — This ctnRi«ts of aiever, I (Pig, 
284), and amtl a butli ct bus and mBulatud from eacli otlier. 



The anvil connecta ivith the line wire W, and I with the rest of the 
circuit tlirongh H^', and W W" of the next figure, (See also Fig. 
283.) The end of I is depressed by the finger of the operator on the 
insulating button h, and is raised by the spring s when the pressure 
is removed. The former movement closes the circuit, the latter 
opens it, and by a snccession of these the message is sent 

AVhen the communicator is not in use, the brass bar h hinged 
to the base of I is pressed into contact with a. This closes the 
circuit for other stations on the line, and hence k is called the cir- 
cuit closer. The whole apparatus is called the key. 

SOS. The Indicator. — This consists of two parts, (let) the 
relay, and (3d) either the register, or the sounder. 

The first pari, called the relay, or the relay magnet (Fig. 285), 
consists of an electro-magnet, an arvmture, a lever, and a spring, 
the same as in Fig. 383, except that the electro-magnet is horizon- 
tal, and the other parts correspond in position. The tension of 
the spring s is regulated by the screw and milled head li, and M 
is adjusted by a similar screw (between W and W " in the figure), 
which slides it along the grooved way X. One end of the coil 
wii-e passes out through W to If' of Fig. 384. Tho other end 
connects at \V " with one pole of the battery if it is at S (Fig. 383), 
with the earth if it is at ,S', or with the line wire to the next sta- 
tion if it is at s. 

The reason for introducing the relay is this : The current 
from the preceding station has become too feeble to cause indenta- 
tion of the paper by the style, and thus make a visible record, or 
even to produce a distinct sound of the armature upon the mag- 
not for reading messages by the ear. The relay is therefore con- 
trived for employing this feeble current to close and open the 
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circuit of a local battery, -whose cmrent is powerful enough to de- 
hver messages in either form, or even in both forms at once. All 
which the weak current of the distant battery has to do is to cause 
the armature A to move towai-d the magnet M till the top of L 
touclies the screw if, and thus closes the circuit of the local bat- 
ttivy. When the current ceases, a delicate spring, s, draws L back 
from contact with M', and breaks the cii'cuit of the local battery. 




By the adjastments above deecribed, the distance thiough winch 
L moves, and the force of the spring s, may be made as small aa 
the operator pleases. 

506. The Register and the Sounder. — The second part of 
the indicator is either a register, or a sounder, according as mes- 
sages are to be addressed to the eye or to the ear. The register 
(Fig. 282) has been already described ; the' current of the local 
battery close at hand has force enough to cause visible indenta- 
Tig. 388. 




tions n the pap r wl e tl 1 r li w to the i 
and thib lecoid can be read at any time aubsequenfcly, "Within a 
few years a modified form of the register has come into use, and 
is called the sounder. In this the end of the lever L' (Kg. 386), 
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instead of being furnished with a style, is made to strike against 
the two screws, N', 0'. The downward dick is a little louder 
tihaii the upward one, and so the beginning and end of each dot 
or dash are distinguished frotn each other. Many operators learn 
from the first to read by tite ear, and have never used a register. 

Whether a register or a sonnder is employed, its coil wire is 
entirely distinct from the line wire, and belongs only to the local 
battery. The circuit of this battery may he traced (Figs. 385, .386) 

&om the positive pole through I, L, N,n,o, o, n', the coil of 

the sounder, and n", to tlie negative pole. The binding screws, I, 
n, n', n", are connected with their respective levers, or contact 
screws, by insulated wires concealed in the bases. When A is at- 
tracted by M, L touches N, and tlie circuit ie closed j when it is 
withdrawn by s, the circuit is opened, because is insulitted. 
Hence the motions of L and L' are simultaneous. 

Since the relay is always in the main circuit, it communicates, 
by means of the local current, to the operator at whose station it 
is, all the messages sent between any two stations on the line, in- 
cluding those which he himself seeds. Hence, if his own indi- 
cator does not operate while lie is at work, he knows that his mes- 
sage is not passing over the line, owing to some break in the 
circuit, 

507. Repeaters.— On a well insulated wire the weakness of 
the current at the distance of a few miles from the battery is 
mainly due to the resistance of the wire. The nature of this re- 
sistance is unknown, but it is subject to the same law as the/ric- 
tion of a fluid along the interior of a tube ;. it yaries directly as 
the length, and inversely as the diameter. Hence telegraph wires 
of considerable thickness are employed, and even then, after a cer- 
tain number of miles, varying according to strength of battery, 
insulation, etc,, the cuiTent will not work even a relay. Before 
reaching that point, therefore, the wire is allowed to pass into the 
ground, and so complete the circuit. 

To pass a message beyond the place at which the current will 
only work a relay, N' and L' are made parts of a new circuit 
called a repeater, which is closed and opened simultaneously with 
the preceding one by the motions of L', just as a local circuit is 
worked by L (Art 505). 

On the S8th of February, 18G8, signals were sent through 
from Cambridge, Mass., to San Francisco, by the employment of 
thirteen repeaters. The time occupied by the signals in going 
and returning {making about 7,000 miles) was three-tenths of a 
second — allowance being made for the coil wires of the electro- 
magnets through which the current passed. 
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508. Atlantic Telegraph Cable.— This cable stretches a 
distance of 3,500 miles, and from the nature of the case is a con- 
tinuous wii-e, so that it cannot be advantageously worked by the 
Morse apparatus. Tlie indicator employed is a sensitive galva- 
nometer needle which is made to oscillate on opposite sides of the 
zero point by the passage through it of currents in opposite direc- 
tions. But to reverse the direction of the current throughout the 
whole length of the cable is a slow process. For tlie cable is an 
immense Leydmjar, the surface of the copper wire (amounting to 
435,000 sq. feet) answering to the inner coating, the wat^r of the 
ocean to the outer, and (Jie gutta-percha between the two to the 
glass of an ordinary jar A current passing into it is therefore 
detained by elect c ty of tl e contrary kind induced in the water, 
and no effect n 11 be produced at the further end until it is 



This very e re nsta ee at first considei'ed a misfortune, is now 
taken advantage of n a e y simple and ingenious manner to 
facilitate the tnns u ision of signals. The cuiTcnt is allowed to 
pass into the cable fc 11 it is charged — then, without breaking the 
circuit, by dep es ng a key for an instant, a connection is made 
l)etween it and a w runn g out into the sea; that is, between 
the inner and outer coatings. This partially discliarges it, and 
tl!e needle at the other end is deflected. When the key is raised 
the discharge ceases, the current flows on as before, and the needle 
is deflected in the opposite direction. 

It is said that after this plan was adopted, twenty words could, 
be sent through the cable per minute, whereas only four per min- 
ute could be sent before. The greatest speed thus far attained ou 
land wires is believed to have been the transmission in one in- 
stance of 1,353 words in thirty minutes between New York and 
Philadelphia in 1868. 

509. Fire-Alarm Telegraph. — Recurring again to the stand- 
ard (Fig. 280), the end E may be so connected with machinery as 
to cause the striking of a bell in a distant tower whenever the cir- 
cuit is closed at n p. In onr large cities boxes are placed at con- 
venient points, each containing a crank, or lever, by which the 
circuit may be closed and the fire-bell rung. Thus, by previously 
arranged signals, the locality of the fire is immediately made 
known at the varions engine-houses. 

510. Chronograph. — This is used in observatories for record- 
ing the passage of stars across the meridian. Imagine the circuit 
of Fig. 282 to be closed and instantly broken again, by a clock 
pendulum at the end of every second. As the paper, E R, moves 
uniformly, dots are made on it at e([ual distances fivnt each other. 
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each of which distances, therefore, represents one seoont!. Tho 
observer has a key, by which also he closes the circuit for an in- 
stant when a cei-tain star passes the meridian. The dot thus made 
shows, by its situation between the two nearest second dots, at 
what fi-action of the second the transit occurred. 

In practice, however, the record is more conveniently made on 
a large sheet of paper, which is wrapped tightly around a cylinder. 
The clock-work, which revolves the cylinder, also moves the re- 
cording pen in a line parallel to its asis. By these two motions, a, 
spiral ink-line is traced on the paper. At the end of every beat 
of the observatory clock, the closing of the circuit gives the pen a 
momentary lateral movement, by which a slight notch is made in 
the line. A similar notch is made by the touch of the key, when 
the observer perceives the star on the meridian wire of the tele- 
scope. Fig. 387 represents a portion of the sheet after its removal 

Fig. 387. 



from the cylinder; a, b, c, d, &c, are the second marks; x, y, z, 
&c., are -transit records. The ratio m y.mn shows what fraction 
of the second m n has elapsed when the transit y occurs. 
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CHAPTER I. 

EXPANs T PI HI _T.— THE THERiVrOMETRR. 

511. Ha'tme cf Heat— Heat is auotlieu of those agencies 
which have h en legaided as imponderalile enbatances. It waa 
said to emanate m straight lines from the svin and from bodies in 
combustion, to cause the hensation of i^annth when it strikes hb, 
to expand bodies when it ern^rs tbem, to liaise their temperatnro, 
&c. But there le abundant icaaon for believing that heat consists 
of exceedingly minute and rapid vibrations of ordinary matter and 
of the ether which fills ill =pace. It is to be regai-ded aa one of 
the modes of motion which may be caused by any kind of force, 
and which may be made a measure of that force. Heat affects 
only one of our sen es that of feeling. Its increase produces the 
sensation of warmth and its diminution that of cold. 

512. Bspansiou and Coutractioa by Heat and Cold. — 

It is found to be a feet almost without exception, that as bodies 
are heated they are expanded, and tliat they conti"aot as they ai-e 
cooled. It is easy to conceive that the vibratoiy motion of the 
several molecules of a body compels them to recede from each 
other, and to recede the more as the vibration becomes more vio- 
lent. Although the change in magnitude is generally very small, 
yet it is rendered visible by special contrivances, and is made the 
means of measuring temperature. 

513. The Thermometer. — Tliis instrument measures the 
degree of heat, or the temperature, of the medium around it, by 
the expansion and contraction of some substance. The substance 
commonly employed is mercury. The liquid, being inclosed in a 
glass bulb, can expand only by rising in the fine bore of the stem, 
where very small changes of volume are rendered visible. A 
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scale is attached to the stpm f )i reidiii;, ilie df^ees of tempera- 
ture. 

The graduation of the thpi mometer must begin with the fixing 
of two important points bj natuial phenomena, the freezing and 
boiling of water. "When the bulb is plunged into powdered ice, 
the point at which the column si,ttlea is the freezing poini of the 
thermometer. And if it ie placed in pare boiling water under a 
given atmospheric pressure, the mercury indicates the ioiling point. 
Between these two points, namely 33° and 212° ~E., there must he 
180°, and the scale is graduated accordingly. As the bore of the 
tube is not likely to be exactly equal in all parts, the length of the 
degrees should vary inversely as the .area of the cross-section. 
This is accomplished by moTing 9 short column of mercury along 
the diflferent parts and comparing the lengths occupied by it. The 
degrees in the several paa-ts must vary in the same ratio. 

514. DiSferent Systems of Graduation. — There are in tise 
three kinds of thermometer scale, Fahrenheit's, Eeaumur'a, and 
the Centigi-ade. ■ In Fahrenheit's, the fl.-eezing point of water is 
called 33°, and the boiling point 313° ; in Heaumur's, the freezing 
point is called 0°, and the boiling point 80° ; in the Centigrade, 
the freezing point 0°, and the boiling point 100°. In a scientific 
point of view, the Centigrade is preferable to either of the others, 
but Fahrenheit's ie generally used in this country. The letter F., 
R, or C, appended to a number of degrees, indicates the scale 
iatendod. In this country, F. is understood if no letter is need. 

515. To Keduce from one Scale to Another. — Since 
the zeix) of Fahrenheit's scale is 33° below the freezing point, while 
in both of the others it is at the freezing point, 33° must always 
be snbtract«d from any temperature according to Fahrenheit, in 
order to find its relation to the zero of the other scales. Then, 
since 213°-33'' (=180°) F. are equal to 80° E.,andto 100° C.,the 
formula for changing F. to E. is | (F.— 33) =E, ; and for changing 
F. to C, it is % (F.— 33)=0. Hence, to change E. to F., we have 
I R-I-33=P.; and to change C. to F., % C. + 32=F. 

Mercury congeals at about— 39° F.; therefore, for temperar- 
tures lower than that, alcohol is used, which does not congeal at 
any known temperature. 

516. Expansion of Solids,— When the expansion of a solid 
IS considered simply in one dimension, it is called linear expan- 
sion ; in two dimensions only, superficial expansion ; in all three 
dimensions, cubical expansion. 

The linear expansion of a metallic rod is readily made visible 
by an instrument called the pyrometer, which magnifies the mo- 
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tion. The end A of tlie rod A B (Fig. 388) is held in place by a 
sci-ew. The end B rests against the short arm of the lever C, the 
longer aim of which bears on the arm D of the long bent lever 



D E; this serves as an index to the gradnated are E F. The long 
metallic dish G G, being raised on the hinges H H, so as to en- 
close the bar A B, and then filled with hot water, the bar instantly 
espaude, and raises the index along the arc E E. 

517. CoefiRcient of SxpEuiBion. — The coefficient of linear 
expansion of a given substance is the fractional increase of itg 
length, when its temperature is raised one degree. But since this 
increase is generally somewhat greater at higher temperatures, the 
coefficients of expansion given in tables usually refer to a temper- 
ature at or near the freezing point of water. Thne, the coefficient 
of expansion for silver is 0.00001061 ; by which is meant that a 
silver bar one foot long at 32° F. becomes 1,00001061 ft. in length 
at 33° F. 

The coefficient of superficial expansion is twice, and that of 
cubical expansion three times as great as tlie coefficient of linear 
expansion. For, suppose c to be the coefficient of linear expan- 
sion ; then if the edge of a cube is 1, and the temperatui-o is raised 
1°, the edge becomes l+c, and the area of one side becomes 
(l+c)'=l + 3o+c', and the volume {l+c)'=l + 3(; + 3c'-|-(;^ But 
as e is very small, the higher powers may be neglected, and the 
area is 1 -t- 3c, and the yoluilie is 1 -t- 3e ; that la, the coefficient of 
superficial expansion is Sc, and that of cubical expansion is 3c, as 
stated above, 

518. The Coefficient of Expansion differs in diOerent 

Substances.— Copper expands nearly twice as fast as platinum; 
tlie ratio of expansion in steel and brass is about as 61 to 100. 
This ratio is employed in the construction of the compensation 
pendulum (Art. I'^l). The same is sometimes used also to render 
constant the length of the rod with which the base line of a trigo- 
nometrical survey is measured. 
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If two thin slips of metal of different expansibility be soldered 
together so as to raalce a slip of double thickness, it will bend one 
■ffaj and the other by changes of temperatnre. If it is straight 
at a certain temperature, heating will bend it so as to bring the 
most expansible metal on the convex side ; and coohng will bend 
it in the opposite direction ; and the degree of flexure will be ac- 
cording to the degree of change in temperature. Compensation 
in clocks and watches is sometimes effected on this plan. If the 
compound slip has the form of a helix, with the most expansible 
metal on the inside, heating will begin to nneoil it, and cooling, 
to coil it closer. A very sensitive thermometer, known as Bre- 
guet's thermometer, is constructed on this principle. 

519. The Strength of the Thermal rorce.— It is found 
that the force exerted by a body, when expanding by heat or con- 
tracting by cold, is equal to the mechanical force necessary to ex- 
pand or compress the body to the same degree. The force is there- 
fore very great. If the rails were to be fitted tightly end to end 
on a railroad, they would be forced out of their places by expan- 
sion in warm weather, and the track ruined. The tire of a car- 
riage wheel is heated till it is too lai^e, and then put upon the 
wheel; when cool, it draws together the several parts with gi'cat 
firmness. In repeated instances, the walls of a building, when 
they have begun to spread by the lateral pressure of an arched 
root have been drawn together by the force of contraction in cool- 
ing. A series of iron rods being passed across the building through 
the upper part of the walls, and broad nuts being screwed upon 
the ends, tlie alternate bars are expanded by the teat of lamps, 
and the nuts tightened. Then, when they cool, they draw the 
walls toward each other. The remaining bars are then treated in 
the same manner, and the process is repeated till the walls are 
restored to their vertical position and secured. !For a measure of 
the force of heat see Art, 555. 

520. — Expansion of Liquids. — It has already been noticed 
that mercury and alcohol expand by heat, and are therefore used 
in thermometers for measuring temperature. These are the best 
liquids for such a purpose, because their temperature of congela- 
tion is very low. 

As liquids have no permanent form, the coefficient of expan- 
sion for them is always understood to be that of cubical expansion. 
There is a practical difficulty in the way of finding the coefficient 
for liquids, because they must he enclosed in some solid, which 
also expands by heat Hence, the apparent expansion must be 
corrected by allowing for the expansion of the inclosing solid, be- 
fore the coefheient of absolute expansion is known. 
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This fact is illustrated by the following experiirient. Fill tlio 
bulb and part of the stem of a large thermometer tube with a col- 
ored liquid, and then plunge the bnlb quickly into liot ivater ; the 
first effect is, that the liquid /«;?s, as if it were cooled ; after a mo- 
ment it begins to rise, and continues to do so till it attains the 
temperature of the hot water. The iirst movement is cauHed by 
the expansion of the glass, which is heated so as to enlarge its 
capacity and let down the liquid before tlie heat has penetrated 
the latter. It is obvious that what is rendered yisible in this case, 
must always be true when a liquid is heated — namely, that the 
vessel itself is enlarged, and thei-efore that the rise of the liquid 
shows only the difference of the two expansions. Ingenious 
methods have been devised for obtaining the coefficients of abso- 
lute expansion of liquids, and the results are to be found in ta.ble3 
on this subject 

521. E3£ceptional Case.— There is a very important excep- 
tion to the genci-al law of expansion by heat and contraction by 
cold, in the ease of water just above the freezing point. If water 
be cooled down from its boiling point, it continually contracts till 
it reaches a point somewhat above 39° F., when it begins to ex- 
pand, and continues to expand till it freezes at 33° F. On the 
other hand, if water at 33° F. be heated, it contracts till it reaches 
a point hetween 39° and 40° F., when it commences to expand, 
Therefore the density of water is greatest at the point where this 
change occurs. Different experimenters vaiy a little as to its ex- 
act place, but it is usually called 4° C, or 39.3° F. 

The importance of this exception is seen in the fact that ice 
forms on the surface of water, and continiies to float until it is 
E^ain dissolved. As the cold of winter comes on, the upper stra- 
tum of a lake grows more dense and sinks ; and this process con- 
tinues till the temperature of the surface reaches 39°, when it is 
arrested. Below that point the surface grows lighter as it beox)mes 
colder, till ice is formed, and shields the water beneath from the 
severe cold of the air above. 

As in solids so in hquide, the thermal force is very great. Sup- 
pose mercury to be expanded by raising its temperature one de- 
gree, it would require more than 300 pounds to the square inch to 
compress it to its former volume. 

522. Expansion of Gases. — The gases expand by heat more 
rapidly and more regularly than solids and liquids. The large ex- 
pansion and contraction of air is made visible by immersing the 
open end of a large thermometer tube in colored liquid. When the 
bulb is warmed, bubbles of air are forced out and rise to the top 
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of the liquid ; when it is cooled, the air contracts and the liquid 
rises rapidly in the tube. 

The coefficient of expansion for air is ahont 0.00205, ■which in- 
creases slightly with increase of temperature and of pressure. 
And most of the gases have coefficients which differ but little 
from this. 



CHAPTEll II. 

PASSAGE OF HEAT THROUGH SPACE AND MATTER. 

523. Heat la Communicated in Several Ways.— 1. By 
radiation. Heat is said to be radiated when the vibratory motion 
is transmitted from the source with great swiftness through the 
ether which fills space. Its velocity ia supposed to be the same as 
that of light. The motion is propagated in straight lines in every 
du-ection, and each line is called a ray of heat. "We. feel the rays 
of heat from the sun or a fire, when- no object intervenes between 
it and ourselves. 

2. By rejledion. When rays of heat, on striking a surface, are 
thrown back fx-om it, they are said to be reflected; and the law of 
reflection is the same as for sound, namely, the angle of incidence 
equals the angle of reflection, and they he on opposite sides of the 
perpendicular to the surface. 

3. By condiiction. This is the slow progi-ess of the vibratory 
motion from one atom to another of ordinary matter. 

4. By convection. This mode of communication takes place 
only \a fluids. When the particles are expanded by heat, they are 
pressed upward by others which are colder and therefore specifi- 
cally heavier. Heat is thus conveyed from place to place by the 
motion of the heated matter. 

524. Hadiation of Heat. — The intensity of heat radiated 
from a given kind of source, is governed by the three following 
laws: 

1. T}w intensity of radiated lieat varies as the temperature of 
the source. 

2. It varies inversely as the square of the distance. 

3. It grows less, while the inclination of the rays to the surface 
of the radiant grows less. 

The truth of these laws is ascertained by a series of careful ex- 
periments. But the second may be proved mathematically from 
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the fact of propagation in straight lines, and is true of other ema- 
nations, such aa sonnd and light. For the heat, as it advances in 
every direction from the radiant, is spread over spherical surfaces 
which increase as the squares of the distances ; therefore the in- 
tensities must grow less in the same ratio ; that is, the intensities 
vary inversely as the squares of the distances. 

The radiating power of a given body depends on the condition 
of its surface. 

If a cubical vessel filled with hot water have one of its vertical 
sides coated with lamp black, another with mica, a third with tar- 
nished lead, and the fourth with polished silver, and the heat ra- 
diated from these several sides be concentrated upon a thermome- 
ter bulb, the ratio of radiation will be found nearly as follows 

Lampblack, loo 

Mica 80 

Tarnished lead, 45 

Polished silver, 12 

Polished metals generally radiate feebly; and this explains the 
familial' fact that hot liquids retain their temperature much better 
in bright metallic vessels than in dark or tarnished ones. 

525. Equalization of Temperatore. — Eadiation is going 
on continually from all bodies, more rapidly in general from those 
most heated ; and therefore there is a constant tendency toward 
an equal temperature in all bodies. A system of exchange goes 
on, by which the hotter bodies grow cool, and the colder ones grow 
warm, till the temperature of all is the same. But this equality 
does not check the radiation ; it still goes forwaM, each body im- 
parting to others as much heat as it receives from them. 

526. Seflectiou of Heat. — When rays of heat meet the sur- 
face of a body, some of them ai-e reflected, passing off at the same 
angle with the perpendicular on the opposite side. But others 
pass into the body, and are said to be absorbed by it. It is ti-ue 
of waves of hea.t as of all other kinds of vibration, that when they 
meet a new surface and are i-eflected, the angle of incidence equals 
the angle of reflection, and that their intensity after reflection is 
weakened. 

If a person, when near a fire, holds a sheet of bright tin so as 
to see the light of the fire reflected by it, he will plainly perceive 
that heat is reflected also. And if any sound is produced by the 
fire, as the crackling of combustion, or the hissing of steam from 
wood, the reflection of the sound is likewise heard. This simple 
experiment proves that waves of sound, of heat, and of light, all 
follow the same law of reflection. 
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527. Heat Concentrated by Reflectioii. — Let two pol- 
ished refleciors, J/ and iV" (Pig. 389), having the form of concave 
paraboloids, he placed ten or fifteen feet apart, with their axes in 
the same stiaiglit hue, and let a red-hot iron hall he in the focna A 



of one, and \ii Hill umii I 1 u i m i ]li 1. ina m the ioiui 
S of the othei then the latter -niil Ik. set ( n tiit bj the heat ot 
the ball The ra^a diverging fiom 4. to IT are rtflLttcd m parallel 
lines to A' ind then com erged to B 

If, instead of pho«phoius the bnlb of a theimometer is pnt in 
the focuisfi a high temperatnieieof cutii'^e indicated on the scale. 
Now remo-ve the hot baU fiom A, and put m its place a Inrap of 
ice ; then the thermomi.tei at B sinks far helow the temperature 
of the room. This last experiment does not prove that cold is re- 
fleeted aa well as heat, but confirms what was stated (Art 535), 
that all objects radiate to one another till their temperatures are 
equalized. The ice radiates only a Httle heat, which is reflected to 
the thermometer, but the latter radiates much more, which is re- 
flected to the ice, so that the temperature of the thermometer 
rapidly sinks. 

528. Absorption of Heat. — So much of the radiant heat aa 
falls on a body and is not reflected, is absorbed. The absorbing 
power in a body is found to be in general equal to its radiating 
power. It is very noticeable that bodies equally exposed to the 
radiant heat of the sun or a fire, become very unequally heated. 
A white cloth on the snow, under the sunshine, remains afc the 
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surface ; a black clotli sinks, because it absorbs heat, and melts tlie 
anow beneath it. Polished brass before a fire remains cold; dsirk, 
i iron, is soon hot 



529. Conductioii of Heat by Solids.— While radiated and 
reflected heat moves through the empty spaces of the solar system, 
and through the atmospheres of the planets, with inconceiyable 
velocity, conducted heat, on the contrary, passes through bodies 
very slowly, and yet at very different rates in different bodies. 
Those in which heat is conducted most rapidly, ai-e called good 
conductors, as the common metals; those in which it passes slowly, 
are called poor conductors, as glass and wood. In general, the 
bodies which are good condiictors of heat, are also good conduc- 
tors of electricity. Let rods of different metals and other sub- 
stances, A, B, C, &c (Fig. 290), all of the same length, bo inserted 
with wat«r-tight joints in the 

side of a wooden vesseh Then ^^<'- 2^*^- 

attach by wax a marble under 
the end of each rod, and iill 
the vessel with boiling watei 
The marbles will fall by the 
melting of the wax, not it the 
same, but at different times, 
showing that the heat reaches 
some of them sooner than oth- 
ers. It will be seen, howevei, m the chiptei on specific heat, that 
the order in which the} fall is not nece'i'^aidj the order of con- 
ducting power. 

530. Effects of Molecular .AiTangement.— Organic sub- 
stances usually conduct beat poorly ; and bodies having a struc- 
tural arrangement which differs in different directions, are not 
likely to conduct equally well in all directions. Thus, let two thin 
plates be cut from the same crystal, one, A (Fig. ' 



PiQ, 301. 





ular, and the other, B, parallel to the optic axis. Let a hole be 
drilled through the centre of each, and after a lamina of wax has 
been spread over the crystal, let a hot wire be inserted in it On 
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tlie plate A, tLe melting of the was will advance in a circle, show- 
ing equal conducting power in all directiona in the transverse sec- 
tion. In the plate B, it will advance in an elliptical form, the 
major axis being parallel to the optic axis of the crystal, proving 
the best condtiction to be in that direction. 

A block of wood cut from one aide of the trunk of a tree, con- 
dnets most perfectly in the direction of the fiber, and least in a 
direction which is tangent to the annual rings and perpendicular 
to the fiber, and in an intermediatu degree in the dii'ection of the 
radius of the rings. 

531. Conduction by Fluids. — T'luid.s, both liquid and gas- 
eous, are in general very poor conductors. "Water, for example, 
can be made to boil at the top of a vessel, while a cake of ice is 
fastened withia it a few inches below the surface. If ther- 
mometers are placed at different depths, while the water boils at 
the top, there is discovered to be a very slight conduction of 
heat downwai'd. The gases conduct even more imjferfeetly than 
liquids. 

It will he seen hereafter (Art. 533) that a mass of fluid becomes 
heated by convection, not by conduction. 

532. Illustrations of Difference in Conductivg Power.— 

In a room where all articles are of equal temperature, some feel 
much colder than others, simply because they conduct the beat 
from the hand more rapidly ; painted wood feels colder than 
woolen cloth, and marble colder still. K the temperature were 
higher than that of the blood, then the marble would seem the 
hottest, and the cloth the coolest, because of the same difference 
of conduction to the hand. 

Our clothing does not impart warmth to ns, but by its non-con- 
ducting property, prevents the vital warmth from being wasted by 
i-adiation or conduction. If the air were hotter than our blood, 
the same clothing would serve to keep us cool. 

A pitcher of water can be kept cool much longer in a hot day, 
if wrapped in a few thicknesses of cloth ; for these prevent the 
heat of the air from being conducted to the water. In the same 
way ice may be prevented from melting rapidly. 

The vibrations of heat, like those of sound, are greatly inter- 
rupted in their progress by want of continuity in the materiaL 
Any substance is rendered a much poorer conductor by being in 
the condition of a powder or fiber. Ashes, sand, sawdust, wool, 
fur, hair, &o^ owe much of their non-conducting quality to the 
innumerable surfaces which heat must meet with in being trans- 
mitted through them. 
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533. Convection of Heat,— Liquids and gases are heated 
almost entirely by conTection. As heat is applied to the sides and 
bottom of a vessel of water, the heated particles become specifically 
lighter, and are crowded up by heavier ones which take their place. 
There is thus a constaoit circulation going on which tends to 
equalize the temperature of the whole. Thia motion is made visi- 
ble in a glass vessel, by puttiBg into the 
water some opaque powder of nearly the Pig 392 

same density aa water Ascendmg cur 
rents are seen ovei the pait most heated, 
and desceading currents in the parts tai 
thest fiom tlie heat as represenkd m Fig 
293. The ocean has perpetual currents 
caused m a similar manin,r The hottest 
portions flow iwav from the tropical to 
ward the polai latitudes -nhile it gieater 
depths the cold wateit, of liigh latitudes 
flow back tow aids the tropics 

For a like reason the air is constantly 
in motion. The atmospheiiu cuiieutb 
on the earth have been considered in Chap- 
ter III of Pneumatics. 



534. Diathermancy. — It has already been noticed, that la 
diant heat passes freely through the atmospheie as well as thiough 
vacant space. The air is 'therefore said to he dmiliennal it is 
also transparent, since it pei-mite light to pa^ freely through it. 
But there are substances which allow the free transmission of the 
waves of light, but not those of heat; and there are otliers through 
which waves of heat can freely pass, but not those of light. 

Water and glass, which are almost perfectly transpai-ent to the 
faintest light, wiU not transmit the vibrations of heat unless they 
are very intense. If an open lamp-flame shines upon a thin film 
of ice, while nearly the whole of the light is transmitted, only 6 
per cent of the heat can pass through. On the other hand, rock 
salt is remarkably diathermal. A plate of it, one-tenth of an inch 
thick, will transmit 93 per cent, of the heat of a lamp ; and if it 
be coated with lampblack so thick as to stop light completely, the 
heat is still transmitted with almost no diminution. 

If a prism be made of a substance highly diathermal, as rock 
salt, it is found that heat, as well as light, is refracted, being bent 
from its coiiTse less than most of the colors, and falling mostly be- 
yond the red extremity of the visible spectrum, but partially coin- 
ciding with that color. 
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CHAPTER III. 

SPECIFIC HEAT.— CHANGES OF CONDITION.— LATENT HEAT. 

535. ESpeciiic Heat. — The heat "which is absorbed by a body 
is not wholly employed in raising its temperature. While a part 
of the thermal force ■which is communicated, throws the atoms 
into vibration, that is, heats the body, another part performs inte- 
rior work of some other kind, snch as urging the atoms asunder, 
or forcing them into new arrangements. This latter portion is 
lost ix) GUI' sen^e and to the thermometer, until the body is again 
cooled, when it re-appears. The relatiye quantity of the force thus 
hidden from view is different in different substances. Hence the 
phrase, specific heat, is used to express the amount of heat required 
to raise a given weight one degree of temperature. The specific 
heat of water is greater than that of any other substance known, 
and it is made the standard of comparison. 

The thermal unit is the amount of heat required to raise the 
temperature of a pound of water one degree, and is called 1. The 
specific heat of a few substances is given in the following table, in 
order to show bow greatly they differ. 



Water i.oooo 

Sulphur O.Z036 

Copper ..... 0,0951 



Silver 0.0570 

Mercury .... 0.0333 

Gold 0.0324 

Lead 0.03 14 



If a pound of water, a pound of iron, and a pound of mercury 
are each raised one degree in temperature, the water consumes 
about nine times as much heat as the iron, and thirty times as 
much as the mercury. 

When bodies are cooled, they show the same differences in the 
quantity of heat whicli they give off. 

It is a benevolent provision in nature, that water, which is ex- 
tended over so large a portion of the globe, has so great Bpecific 
heat; for the changes of both heat and cold are by this means 
greatly moderated. 

536. Method of Finding Specific Heat.-The following 
is one of several methods of finding the specific heat of a sah- 
stance ; it is called the method of mixtures. Let a known weight 
of the substance be heated to a certain temperature, and then 
plunged into, or mixed with, the same weight of water of a low 
temperature ; after which measure the temperature of the mass. 
It will thus be known how much one has lost and the other 
31 
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gained in order to reach tlie common point. If a pounil of mer- 
cuiy at the temperature of 132°, be poured into a pound of water 
at the temperature of 33°, the mass -will be found at about 35.25°, 
the water being heated only 3.35°, while the mercury is cooled 
96.75°. Therefore 96.75° : 3.25° : : 1 : 0.0335, which is about the 
apeciflc heat of mercury. 

The specific heat of bodies is in general a httle greater as their 
temperature rises. That of the gases, however, seems to be nearly 
constant at all temperatui-es, and under all pressures. 

537. Apparent Conduction Affected by Specific Heat — 

The conducting power of different substances cannot be correctly 
compared, without making allowance for their specific heat (Ai-t. 
539). For the heat which is commiinicated to one end of a rod, 
will reach the other end more slowly, if a great share of it disap- 
peai's on the way. For instance, at the same distance from the 
source of heat, wax is melted quicker on a rod of bismuth than 
on one of iron, though ii-on is the best conductor, because the 
specific heat of iron is three times as great as that of bismuth-; 
the heat actually reaches the wax soonest through the iron, bvtfc 
not enough to melt it, because so much is required to raise the 
iron to a given temperature. 

538. Changes of Condition. — Among the most important 
effects produced by heat, are the clianges of condition from solid 
to liquid and from liquid to gas, or the reverse, according as the 
temperature of a body is raised or lowered. Increase of heat 
changes ice to water, and water to steam, and the diminution of 
heat reverses these effects, A large part of the simple substances, 
and of compound ones not decomposed by heat, undergo similar 
changes at some temperature or other ; and probably it would be 
found true of all If the requisite temperature could be reached. 

The melting point (called also freezing point, or point of conge- 
lation) of a substance is the temperature at which it changes from 
a solid to a liquid or the reverse. 

The foiling point is the temperature at which it changes from 
a liquid to a gas or the reverse. 

539. Latent Heat- — "Whenever a solid becomes a liquid, or a 
liquid becomes a gas, a large amount of heat disappears, and is 
said to become latent. The thermal force is expended in sunder- 
ing the atoms, and perhaps in putting them into new relations 
and combinations, so that there is not the slightest increase of 
temperature after the change begins till it ends. The force is not 
lod, but is treasured up in the form of potential energy, which be- 
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comes available whenever a change is made in the opposite direc- 
tion. Using the force of heat to turn water into steam, is like 
asing the strength of the arm in coihng up a spring, or lifting a 
weight from the eai-th. The spring and the weight are each in a 
condition to perform work. Thoy have potential energy, which 
can be used at pleasure. 

It has been already noticed that ranch heat disappears in 
bodies of great specific heat, as their temperature rises. Biit the 
amount which becomes latent, while a change of condition takes 
place, is vastly greater. Let heat be applied at a uniform rate to 
a mass of water at the temperature of 33°, until it rises to the ■ 
boiling point, 313°, and note the time occupied. Continuing the 
same uniform supply, it will require 5f times as long to change it 
all into steam. In other words, 180° of heat will raise water from 
the freezing to the boiling point, and (180° x 5| =:) 967^° are re- 
quired to, change the same into steam, which still remains at the 
temperature of 213° ; the whole of the 967° of thermal force have 
been consumed in the internal work of re-arranging the atoms. 

540. Temperature of Change of Condition. — Different 
substances change their condition at very different temperatures. 
"Water soHdiflea at 33° F., mercury at — 39°, tin at 455°, gold at 
2016°. Water boils at 313° T., ether at 95°, alcohol at 173°, mer- 
cury at 663°. There are some solids, which soften gradually, and 
pass through a large range of temperature before becoming liquid, 
as iron and glass. No definite melting point can be given for such 
substances. 

Again, many liquids pass into the gaseous state by a slow and 
almost insensible process which goes on at the surface. This is 
cailed evaporation; and it takes place at all temperatures, but 
mora rapidly as the tempei'ature is higher. Even solids evaporate 
without passing through the liquid foim. For example, a thin 
film of ice on a pavement wastes away in cold weather without 
melting. 

541. Boiling imdar Presstire. — ^The boiling point for water 
is given as 312° P. This means that water boils at that point 
under the oi-dinary pi-essure of the air, and at or near the sea level. 
At that temperature the steam formed has a tension or expansive , 
force equal to the atmospheric pressure. But if the pressure were 
diminished, water would boil at a lower temperature. On high 
mountains, boiling water is from 20° to 30° lower in temperature 
than at the ocean level. And under the receiver of an air pump, 
as pressure is gradually taken off, water boils at lower and lower 
points of temperature down to 73°. 
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The effect of diminislied pressure to lower the boiling point is 
well shown by the following familiar experiment: In a thin glass 
flask, boil a little water, and after removing it from the flre, cork 
and inyert the fiask. The steam which is formed will soon press 
so strongly upon the water as to stop the boiling. When this 
happens, pour a little cold water upon the flask; the water within 
will immediately commence boiling Tiolently, beeaase the vapor is 
condensed and the pressure removed. This effect may be repro- 
duced several times before the water in the flask is too cool to boil 
in a vacuum. 

542. Freezing Produced by lAelting. — Since a great 
amount of heat disappears in a substance as it passes from the 
solid to the liquid state, the loss thus occasioned may prodnce 
freezing in a contiguous body. When salt and powdered ice are 
mixed; their union causes liquefection. And if this mixture is 
sun-ounded by bad couductors, and a tin vessel containing some 
liquid be placed in the midst of it, the latter is frozen by the ab- 
sti-action of heat from it, by the melting of the ico and salt. In 
this way ice creams and similar luxuries are easily prepared in hot 
as well as in cold weather. 

543. Freezing by Evaporation, — In hke manner, freezing 
by evaporation is explained. Put a little water in a shallow dish 
of thin glaas, and set it on a slender wire-support under the re- 
ceiver of an air pump. Beneath the wire-support place a broad 
dish containing sulphuric acid. When the air is exhausted, the 
water in a few momenta is found frozen. As the pressure of the 
air is taken off, evaporation proceeds with increased rapidity, and 
the requisite heat for tliis change of condition can be taken only 
from the dish of water. But the atmosphere of vapor retards the 
process by its pressure ; hence the sulphuric acid is placed in the 
receiver, so as to seize upon the vapor as fast as formed, and thus 
render the vacuum more complete. The water is frozen by giving 
up its heat to become latent in the vapor, so rapidly formed; but 
when this vapor becomes liquid ^ain in combining with the acid, 
the same heat reappears in raising the temperature of the acid. 

Thin cakes of ice may sometimes be procured, even in the hot- 
test climates, by the evaporation of water in broad shallow pans 
under the open sky, where radiation by night aids in reducing 
the temperature. The pans should be so situated as to receive the 
least possible heat by conduction. 

544. Spheroidal Condition. — When a little water is placed 
in a red-hot metallic cup, instead, of boiling violently, and disap- 
pearing in a moment, as might be espeetod, it rolls about quietly 
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in tlie shape of an oblate spheroid, and wastes very slowly. So 
drops of water, falling on the hoiizontal surface of a very hot stove, 
are not thrown off in steam and spray with a loud hissing sound, 
as they are when the stave is only moderately heated, but roll over 
the surface in balls, slowly diminishing in size till they disappear. 
In such eases, the water is said to be in the spheroidal state. 
Not being in contact with the metal, it assames the shape of an 
oblate spheroid, in obedience to its own molecular attractions and 
the forp-e of gravity, as small masses of mercury do on a table. 
The reason why the water does not touch the hot metal is, that 
the heat causes a coat of vapor to be instantly formed about the 
drop, on which it rests as on an elastic cushion ; and as the vapor 
is a poor conductor of heat, further evaporation proceeds very 
slowly. It is easily seen that the spheroid does not touch the 
metal, by so arranging the experiment that a beam of light may 
shine horizontally upon the drop, and cast its shadow completely 
1 from that of the hot plate below it, as in Fig. ^93. 




If the heated surface is cooling, the temperature may become 
so low that the drop at length touches it, when in an instant vio- 
lent ebullition takes place, and the water q^uickly d' 
vapor. 



CHAPTER IV. 



545. Thermal Force in Steam, — It has been already noticed 
that while water is heated, and especially while it is converted into 
steam by hoiling, the heat apparently lost is so much force treas- 
ured up ready for use, as truly as when strength is expended in 
lifting great weights, which by their descent can do the work de- 
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sired. In moderii engineering, tlie force of fiteam is employed 
more extensively, and for more vmed purposes, than any other. 
.Every steam-engine is a machine for transforming the internal 
motion of heated steam into some of the visible foims of motion, 

546. Tension of Steam. — When steam is formted by boiling 
water in the open air, its tension is equal to that of the air, and 
therefore ordinarily about fifteen pounds to the square inch. But 
when it is formed in a tight vessel, so that it cannot expand, as 
the temperature of the water is raised the tension is increased in 
a much gi-eater ratio ; because the same steam has greater tension 
at a higher temperature, and besides this, new steam is continually 
added. The following table gives the temperature for successive 
atmospheres of tension: 

spheres. T?.?iiSu™ 

" ^(>^ 



■ 359 



■ 414 
. 418 



It is" seen by the above table that thirty-nine degrees of heat 
are needed to add the second atmosphere of tension, and that the 
number diminishes constantly, so that only four degrees are re- 
quired to add the twentieth atmosphere. 

In the formation of ordinary steam at 313°, one cubic inch of 
water is expanded to about Ij'i'OO cubic inches of steam, or nearly 
a cubic foot. At higher temperatures, the volume diminishes 
nearly as fast as the temperature increases. 

547. The Steam-engines of Saverjr ana Uewcomen,— 

The only steam-engines that were at all successful before the great 
improvements made by Watt, were the engine of Savery and that 
of Newcomen. Ko other purpose was proposed by either than that 
of removing water from mines. 

In the engine of Savery, steam was made to raise water by act- 
ing on it directly, and not through the intervention of machinery. 
First, the steam in a vessel was condensed by cold water flowing 
over the outside, and the atmosphere raised water into the ex- 
hausted vessel by its pressure. In the next place, steam was let 
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into the vessel, and by its tension forced the water out, and raieeti 
it still higher. The water raised by each part of this operation 
was prevented from returning by a valve, as in a forcing pump. 

Newcomeu employed steam in a very different way, namely, as 
a power to work a common pump. The pnmp rod was atbiched 
to one end of a working beam, and to the other end of the same 
was attached the rod of the steam piston, which moved steam-tight 
in a cylinder. The end of the beam next to the pump was made 
heavy enough to keep the steam piston at the top of the cylinder, 
when no force was applied. The space beneath the piston being 
filled with steam, a httle cold water was injected, the steam con- 
densed, and the piston forced down by tlie weight of the air on 
the top of it. Then, as soon aa steam was admitted again below, 
though having no greater tension than the atmosphere, the piston 
was drawn up by the weight of tlie opposite end of tlie beam. Since 
the water was raised directly by the weight of the atmosphere, 
aftfir the steam had given it opportunity to act, this invention of 
Newcomen was called the atmospheric engine. 

But in^neithef of these methods was steam used economically 
as a power. The movements in both cases were sluggish, and a 
large paa't of the force was wasted, because the steam wae com- 
pelled to act upon a cold surface, which condensed it before its 
work was done. 

548. The Stsaui-ei^ne of Watt.— Steam did not give 
promise of .being essentially useful as a power till Watt, in the 
year nSO, made a change in the atmospheric engine, which pre- 
vented the great waste of force. Newcomen introduced the cold 
water which was to condense the steam into the steam cylinder 
itself; and the cylinder must be cooled to a temperature below 
100°, else there would be steam of low tension to retard the de- 
scent of the piston. But when the piston was to be raised, the 
cylinder must be heated again to 213°, in order that the admitted 
steam might balance the pressure of tlie air. 

In the engine of Watt, the steam is condensed in a separate 
vessel called the condense? The steam cyhndei is thus kept at 
tlie uniform temperafcui-e of the ste im In the first form which 
he gave to his engine, he so far copied the atmospheric engine as 
to allow tiie piston, after being piessed down by steam, to be raised 
again by the load on the opposite end tif tbe gieat beam, while the 
eteam circulates freely below and aboye the piston. This was 
called the single-ading engine, and might be successfully used for 
the only use to which any steam-engine was as yet applied, 
namely, pumping water from mines. But he almost immediately 
introduced the change by which the whole force of the steam v/as 
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brought to act on t!ie npjier and the iinder side of the piston. It 
thus became douUe-ading, and the steam force was no longer 
intermittent. 

549. The Double-acting Engine.— Let S (Pig. 294) be the 
steam cylinder, F the piston, A the piston rod, passing with 
ste^m-tigbt joint through tlie top 

of the cylinder, the condenser, ^^°' ^^*- 

kept cold by the water of the cis- 
tern G, B the steam pipe from 
the boiler, K the eduction pipe, 
which opens into the valve chest 
&i 0,D D the D-valve, E r the 
openings from the valve-cheat into 
the cylinder. As the D-valve is 
situated in the figure, the steam 
can pass through B and i7into 
the cylinder below the piston, 
while the steam above the piston 
can escape by F through and K 
to the condenser, where it is con- 
densed as fast m it enters ; so that 
in an instant the space abo\e the 
piston is a vaouum, while the 
whole force of the steam is ex- 
erted on the tinder side. The 
piston is therefore driven upwaid withont any force to oppose it. 
Biit before it reaches the top, the D-valve, moved by the machin- 
ery, begins to descend, and shut off the steam fhjm E and admit it 
to F, and, on the other hand, to shut F from the eduction pipe 0, 
aud open F to the same. The steam will then press on the top 
of the piston, and there will be a vacuum, below it, so that the pis- 
ton descends with the whole force of the steam, and without 
resistance. To render the condensation more sudden, a little cold 
water is thrown into the condenser at each stroke through the 
pipe H. 

550. The Low-pressure Engine. — The principle of the low- 
pressure engine is illustrated by the iigure and description of the 
preceding article. But the condensing apparatus of this kind of 
engine requires many other parts, most of which are presented in 
Fig. 295. (7 is the steam cylinder; .ffitherod connecting its pis- 
ton with the end of the working beam, not represented; A the 
steam pipe and throttle valve; B B the D-valve; D D the educ- 
tion pipe, leading from the valve chest to the condenser F; G G 
the cold water surrounding the condenser ; J" the air-pump, which 
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beeps the condenser clear of air, steam, and water of condensation ; 
J the hot well, in which the water of condensation is deposited by 
the air-pump; K the hot-water pump, which forces the water 




in the hot well through L to the hoiler ; H the cold-water pump, by 
which water is brought to the cistern G Q; the rods of all the 
pumps, F, K, and if, are moved by the working beam; P the 
fly-wheel ; M the crank of the same, N the connecting-rod, by 
which the working beam conveys motion to the fly-wheel; Q the 
excentric rod, by which the D-valve is moTed; tliu governor, 
which regulates the throttle valve in the steam pipe A. 

551. Steam-Valves. — ^What are commonly called valves in 
steam machinery are not abrictly such, since they are not opened 
hy the pressure of a fluid in one direction, and closed by a pres- 
sure in the opposite direction. On the contrary, they are opened 
and shut by the action of an eccentric cam on the principal axis. 
'J^.e puppet valve is the frustum of a cone, fitting into a conical 
socket, and opens the pipe by being raised. The sliding valve does 
not rise, but slides oyer the apertm-e. The rotary valve, like the 
common stop-cock, is a cylinder lying across the pipe, and having 
an aperture through it, so that hy a quarter revolution it opens or 
shuts the pipe. The throttle valve, like the damper of a stove-pipe, 
is a partition in the pipe, turning on an axis, so as to lie crosswise 
or lengthwise. The D-valve, so called from its form, is a sliding 
valve which takes the place of four valves in the earlier engines. 
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connecting both the top and the bottom of the steam cylinder 
with the boiler and with the condenser. 

There is mneh economj of fuel and saving of ■wear in the 
machinery, arising from the proper adjustment of the valves. If 
the steam enters the cylinder during the whole length of a stix>ke 
of the piston, its motion is accelerated j nnd is therefoi-e swiftest 
at the instant before being stopped ; thus the machinery receives 
a violent shock. If the valve is adjusted to czit off the steam when 
the piston has made one-third or one-half of its stroke, tlie dimin- 
ishing tension may exert about force enough, during the remain- 
ing part, to keep up a uniform motion. The cut-off, however, 
should be regulated in each engine, aeoordLng to friction aaid 
other obatractions. 

552. H^-Fressure Engine. — The engine of Watt, already 
described, is properly called a low-pressure engine, because the 
Bt«am, having a vacuum on the opposite side of the piston, works 
at the least possible tension. For many purposes, especially tliote 
of locomotion, it is advantageous to dispense with the large "weight 
and bulk of machineiy necessary for condensation, and do the 
work with steam of a higher tension. In Fig. 395, if the con- 
denser, cistern, and aU the pumps are removed, then the steam is 
discharged from E and F at each stroke into the air. Therefore 
the steam iu that part of the cylinder which is open to the air, 
will have a tension of 15 lbs. per inch; and, consequently, the 
steam on the opposite side of the piston must have a tension 15 
lbs. per inch greater than before, in order to do the same work. 

553. Applications of Steam Power.— For more than half 
a centuiy, the only use of the steam-engine was to work the watei' 
pumps of tbe BngHsh mines. But the genius of "Watt has ren- 
dered it available for nearly every purpose which requires the ase 
of machinery. Every description of machine, for the heaviest and 
the lightest operation, may have a steam-engine for its prime 
mover. Near the beginning of the present century, it began to be 
nsed for locomotion on land and water ; and at the present day, 
both travehng and the transpoi-tation of merchandise are princi- 
pally accomplished by means of steam. 

554. Estimation of Steam Power. — It is customary to ex- 
press the power of a steam-engine by comparing it with the num- 
ber of horses whose strength it equals. In making this compari- 
son. Watt took as a measure of one Jwrse-power, the ability to raise 
3,000,000 lbs. through the height of one foot in an hour ; or 2,000,- 
000 foot-pounds per hour. It is obviously immaterial what the 
respective factors for feet, and for pounds, are, if the product only 
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equals 3,000,000. For example, 2,000 lbs. through 1,000 feet, 
or 5,000 ibs. 400 feet per hour, &c., ia equal to one horse-power. 
It is fonnd that the available force of one cuMcfool of water, when 
changed to steam, is about equal to 3,000,000 foot-pounds ; that 
ia, to one horse-power. Hence, an engine of fifty horse-power is 
one which can change fifty cubic feet of water into steam in one 
hour. 

555. Mechanical Equivalent of Heat.— In all cases in 
which mechanical force produces heat, and again in all those in 
which heat produces visible motion, careful expei-iment proves 
that heat and mechanical force may each be made a measure of 
the other. Foi'ces of any kind may be compared, by observing 
the weights which they will lift through a given distance. The 
mecJumical equivalent of heat {commonly called, from the name of 
an English experimenter, Joule's equivalent) ia given in the fol- 
lowing statement : 

The force required to heat one pound of imter one degree F., is 
equal to that which would lift 77^ pounds the distance of one foot, 
or is equal to 772 foot-pounds. 

The force requisite to raise one pound of water 1° R, is some- 
times called the thermal unit (Art. 535), and all forces may be 
brought to this as a standard of comparison. Thus, one horse- 
power (3,000,000 foot-pounds per hour) is 3,590 thermal imits per 
hoar, or about 43 per minute. 

Since a force of "^TS foot-pounds ia expended in heating a 
pound of water 1° F., therefore to heat the same from 33° to 313° 
requires a force of 138,960 foot-pounds ; and to change the same 
pound of water into steam of atmospheric tension requires an ad- 
ditional force of 746,900 foot-pounds (Ai't. 539). 



CHAPTER V. 

TEMPEEATURE OF THE ATMOSPHERE-— MOISTURE OF THE AT- 
MOSPHERE.— DRAFT AND VENTILATION. 

556. Manner in which the Air is Warmed. — The space 
through which the earth moves around the sun is intensely cold, 
probably 75° below zero. And the one or two hundi-ed miles of 
height occupied by the atmosphere is too cold for animal or vege- 
table life, except the lowest stratum, three or four miles in thick- 
ness. This portion receives its heat mainly by convection. The 
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radiated heat of the sun passes through the air, "warming it biit 
little, and on reaching the earth is partly absorbed by it^ The air 
lying in contact with the earth, and thus becoming wai-med, gi'owa 
lighter and rises, while colder portions descend and are warmed in 
their tura. So long as the sun is shining on a given region of the 
earth, this circulation is going on continually. But the heated 
air which rises is expanded by diminished pressure, and thus 
cooled. Hence the ch'culation is limited to a very few miles nest 
to the eai'th. 

557. Limit of Perpetual Frost. — At a moderate elevation, 
even in the hottest climate, the temperature of the aii- is always 
as low as the freezing point. Hence the permanent snow on the 
higher mountains in all climates. The limit at the equiitor is 
about three miles high, and with many local exceptions it de- 
scends each way to the polar regions, where it is very near the 
earth. The descent is more rapid in the temperate than in the 
torrid or fiigid zones. 

558. Isothermal Lines. — These are imaginary lines on each 
hemisphere, through all those points whose mean annual tempera- 
ture is the same. At the equator, the mean temperature is about 
82°, and it decreases each way towai'd the poles, but not equally 
on all meridians. Hence the isothermal lines deviate widely from 
parallels of latitude. Their iiTegularities are due to the difference 
between land and water, in absorbing and communicating heat, 
to the varioas elevations of land, especially ranges of mountain^ 
to ocean cnn-ents, &e. In the northern- hemisphere, tlie isother- 
mal lines, in passing westward round the eai'th, generally descend 
toward the equator in crossing the oceans, and ascend again in 
CTOSsing the continents. For example, the isothermal of 50°, 
which passes through China on the parallel of 44°, ascends in 
crossing the eastern continent, and strikes Brussels, lat 51° ; and 
then on the Atlantic, descends to Boston, lat. 43°, whence it once 
moi-e ascends to the N. W. coast of America. The lowest mean 
temperature in the noi-thern hemisphere is not fin- from zero, but 
it is not situated at the north pole. Instead of this, there are hoo 
poles of greatest cold, one on the eastern continent, the other on 
the western, near 30° from the geographical pole. There aivs indi- 
cations, also, of two south poles of maximum cold. 

559. Moisture of the Atmosphere.— By the heat of the 
snn all the waters of the earth form above them an atmosphere of 
vapor, or invisible moisture, ha'ving more or less extent and ten- 
sion, according to several circumstances. Even ice and snow, at 
the lowest temperatures, throw off some vapor. A gaseous body 
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diffuses itself by its force of tension, -whether another gas occupies 
the same space or not ; that is, the particles of one do not exert 
a perceptible attraction or repulsion on those of the other, but 
each is a vacuum to the other, except so far as it oistrticis its 
moTements. Therefore, at a given temperature, there can exist an 
atmosphere of vapor of the same height and tension, whether 
there is an atmosphere of oxygen and nitrogen or not. Vapor, 
then, is not strictly eu&pended in the air, or dissolved by it, but 
exists independently. And yet it is by no means always true that 
there ia actually the same tension of yapor as there would be if it 
existed alone, because of the time required for the formation of 
yapor, on account of mechanical obstruction presented by the air; 
■whereas, if no air existed, the vapor would form almost instantly. 
It is on the same account that water will boil ia a vacuum at t^°, 
but under the pressure of the air must be heated to 313°. 

560. Temperature and Tension of Vapor. — The degree 
of tension of vapor forming ^■ithout obstruction, depends on ita 
temperature, but varies far more rapidly ; increasing pretty nearly 
in a geometrical ratio, while the heat increases arithmetically. 
Hence, if vapor should receive its full increment of tension, while 
the tliermometer rises lO.degrees from 80° to 90°, a vastly greater 
quantity would be added than when it rises 10 degrees from 40° 
to 50°. On the contrary, if vapor is at ita full tension in each 
case, much more water will he precipitated in cooling from 90° to 
80° than from 50° to 40°. 

561. Dew-point. — This ia the temperature at which vapor, 
in a given case, is precipitated into water in some of its forms. 
If tliere was no air, the dew-point would always be the same as 
the existing temperature ; since lowering the temperature in the 
least degi-ee would require a diminished tension or quantity of 
vapor, some must therefore be condensed into water. But in the 
air the tension may not be at its full height, and therefore the 
temperature may need to be reduced several degrees before precip- 
itation will take place, A comparison of the temperature with 
the dew-point is one of the methods employed for measuring the 
humidity of the air. 

562. Measure of Vapor. — The measure of the yapor exist- 
ing at a given time, is expressed by two numbers, one indicating 
its tension, — *. e., the height of the column of mereury which it 
will sustain ; the .other, humidity, — i. e., its quantity per cent., as 
compared with the greatest possible amount at that temperature. 
Thus, tension — 0.6, humidity = 83, signifies that the quantity of 
vapor is sufficient to support six-tenths of an inch of mercuiy, and 
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ia 83 hundredths of the quantity which could exist at that tom- 
perafcure. The greatest tension possible at zero, is 0.04 ; at the 
freezing point, 0.18 ; at 80°, 1.0. At the lowest natni-al tempenv- 
tures, the maximum tension is doubled every 13° or 14° ; at the 
highest, every 31° or 33", 

563. Hygrometers. — This is the name usually gi^en to in- 
struments intended for measuring the moisture of the air. But 
the one most used of lat« years is calied fhe psj/clirometer, which 
giyes indication of the amount of moisture by the degree of coM 
produced in evaporation ; for evaporation is more rapid, and there- 
fore the cold occasioned by it the greater, aecording as the air ia 
drier. The psychrometar consists of two thermometers, one hav- 
ing its bulb covei-ed with muslin, and moistened before the ob- 
servation. The wet-bulb thermometer will ordinai-ily indicate a 
lower temperature than the dry-bulb ; if, in a given ease, they i^ead 
alike, the humidity is 100. The instrument is accompanied by 
tables, giring tension and humidity for any observation. 

564. Precipitations of Moisture. — Whenever the air is 
cooled below the dew-point, a part of the vapor is deposited in the 
liquid or solid form. The precipitations occur under various con- 
ditions, and receive the following names ; dew, frost, fog, cloud, 
rain, mist, hail, sleet, and snow. 

565. De^r. — Frost. — The deposition called dew takes place on 
the surface of bodies, by which the air is cooled below its dew- 
point. It is at first in the form of very small di-ops, which unite 
and enlarge as the process goes on. Dew is formed in the even- 
ing or night, when the surfaces of bodies exposed to the sky 
become cold by radiation. As soon as their temperature hns 
descended to the dew-point, the stratum of air contiguous to them 
deposits moisture, and continues to do so more and more as the 
cold increases. 

Of two bodies in the same situation, that will receive most 
dew which radiates most rapidly. Many vegetable leaves are 
good radiators, and receive much dew. Polished metal is a poor 
radiator, said ordinarily has no dew deposited on it. 

Sometimes, however, good radiators have little dew, l>ec8nse 
they are so situated as to obtain heat nearly as fest as they radiate 
it. Dew is rarely formed on a bed of sand, though it is a good 
radiator, because the upper surface gets heat by conduction from 
the mass below. Dew is not formed on water, liecause the upper 
stratum sinks and gives place to warmer ones. 

Bodies most exposed to the open sky, other things being equal, 
have most dew precipitated on them. This is owing to the fact, 
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that in sneli circnmatances, they hare no retuni of heat either by 
i-efleetion or radiation. If a body radiates its heat to a building, 
a tree, or a cload, it also gets some in return, both reflected aiid 
radiated. Hence, little dew is to be expected in a cloudy night, 
or on objects surrounded by high trees and buildings. 

Wind is unfavorable to the formation of dew, because it min- 
gles the strata, and prevents the same mass from resting long 
enougb on the cold body to be cooled down to the dew-point. 

"When the radiating body is cooled below the freezing point, 
the water deposited takes the solid form in fine crystals, and is 
called /ros^. Frost'will often be found on the best radiators, or 
those exposed to the open sky, when only dew is found elsewliere. 



566. Fog. — This form of precipitation consists of very small 
globules of water sustained in the lower strata of the air. Fog 
occurs most frequently over low grounds and bodies of water, 
where the .humidity is likely to be gi-eat. If air thus humid mixes 
with air cooled by neighboring land, even of less humidity, there 
will probably be more vapor than can exist at the intermediate 
temperature, for the reason mentioned in Ai't. 660. The case may 
be illustrated thus. Let two masses of air of equal volumes be 
mixed, the temperature of one being 40°, the other 60° ; and each 
containing vapor at the highest tension. Then the mixture will 
have the mean temperature of 50°, and the vapor of the mixture 
will also be the arithmetical mean between that of the two masses. 
But, according to the law {Art. 560), the vapor can only have a 
tension which is nearly a geometrical mean between the two, and 
that is necessarily lower than the arithmetical .mean ; hence the 
excess must be precipitated. If 8 lbs. of vapor were in one volume 
and 18 lbs. in the other, an equal volume of the mixture would 
have ^ (8 + 18) = 13 lbs. of moisture; but at the mean tempera- 
ture of 50°, only Vs x 18 = 13 lbs. could exist as vapor ; there- 
fore one pound must be precipitated. And even if one of the 
masses had a humidity somewhat below 100, still some precipita- 
tion is likely to take place. 

567, Cloud. — The same as fog, except at a greater elevation. 
Air rising from heated places on the earth, and carrying vapor 
with it, is likely to meet with masses much colder than itself, and 
depositions of moisture are therefore likely to take place. Mount.^ 
ain-tops are often capped with clouds, when all around is clear. 
This happens when lower and warmer strata are driven over them, 
and thus cooled below the dew-point. The same air, as it con- 
tinues down the other side, takes up its vapor again, and is as 
transpai'ent as it was before ascending, A person on the summit 
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perceives a chilly fog dri^iag by Mm, but the fog was an inyisible 
vapor a few minutes before reaching him, and returns to the same 
condition soon after leaving him. The cloud rests on the mount- 
ain ; but all the particles which compose it are swiftly crossing 
over. Clouds are often above the hmit of perpetual frost ; they 
tiien consist of ci-ystals of ice. 

568. Classification of Clouds. — The aspeets of clouds are 
various, and depend in some measure at leas6 on the circumstances 
of their formation. The usual classification is the following : 

1. Oirrus, — This cloud is fibrous in its appearance, like hair or 
flax, sometimes sti-aight, sometimes bent, and frequently at one 
end is gathered into a confused heap of fibers. The cirrus is high, 
and often consists of frozen particles, even in summer. 

3. Cumulus. — This consists of compact rounded heaps, which 
often resemble mountain-tops covered with snow. This form of 
cloud is confined mostly to the summer season ; it usually begins 
to foiTU after the sun rises, and to disappear before it sets, and is 
rai-ely seen f&r from land. The cumulus is generally not so high 
as the ciii'us. 

3. Stratus. — Sheets or stripes of cloud, sometimes overspread- 
ing the whole sky, or as a fog covering the surface of the earth or 
water. The ati-atus is tlie most common, and usually hes lowest 
in the air. 

4, 6, 6. Cirro-cumulus, cirro-stratus, cumulo-stratus. — Intcr- 
media(« or combined forms. 

7. Nimbus. — ^A cloud, which forms so fast as to fall in rain or 
snow, is called by this name. 

569. Rain, Mist— Whether the precipitated moisture has the 
form of cloud or rain, depends on the rapidity with which precip- 
itation takes place. If euri'ents of air are in rapid motion, if the 
teraperatiire of masses, brought into contact by this motion, are 
widely different, and if their humidity is at a high point, the vapor 
will be precipitated so rapidly, that the globules will touch each 
other, and unite into larger drops, wliich cannot be sustained. 
Globules of fog and clond, however, are specifically as heavy as 
drops of rain ; but they are sustained by the slightest upward 
movements of the air, because they have a great surface compared 
with thou- weight. A globule whose diameter is 100 times less 
than that of a drop of rain, meets with 100 times more obstruction 
in descending, since the weight is diminished a million times 
(j^b)', and the surface only ten thousand times (-jj^)'. So the 
dust of even heavy minerals is sustained in the air for some time, 
when the same substances, in the form of sand, or coarse gravclj 
fall instantly. 
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Mist is fine rain ; the drops are barely large enongli to make 
their way alowly to the earth. 

570. Hail, Sleet, Snow.— When the air in which rapid pre- 
cipitation occurs, is BO cold as to fre«ze the drops, hail is produced. 
As hailstones are not usually in the spherical fonn when they 
reach the earth, it is supposed that they are continually receiving 
irregular accretions in their descent through the vapor of the air. 
Hail-storms are most frequent and violent in-those regions where 
hot and cold bodies of air are moat easily mixed. Such mixtures 
are rarely formed in the torrid zone, since there the cold air is at a 
great elevation ; in the frigid zone, no hot air esiata at any height; 
but in the temperate climates, the heated air of the torrid, and the 
intensely cold winds of the frigid zone, may be much move easily 
brought together; and accordingly, in the temperate zones it is 
that hail-storms chiefly occnr. Even in these climates, they are 
not frequent except on plains and in valleys contiguous to mount- 
ains which are covered with snow during the summer. The 
dopes of the mountain sides give direction to currents of ail', so 
that masses of different temperature are readily mingled together, 

Sleet is frozen mist, that is, it consists of very small hailstones. 

Snow consists of the small crystals of frozen cloud, united in 
flalces. Like all transparent substances, when in a pulverized 
state, it owes its whiteness to innumerable reflecting surfaces. A 
cloud, when the sun shines upon it, is for the same reason intensely 
white. 

571. Theoiiee of Precipitation. — It is probable that clouds 
and rain are caused not only by the mi.'iing of air of different tem- 
peratures, but also by the changes which take place in the condi- 
tion of the air as it ascends. 

In the lower strata, the air is about one degree colder for every 
300 feet of elevation. If, therefore, a mass of air is transferred 
from the surface of the earth to a height in the atmosphere, it will 
be cooled to the temperature of the stratum which it reaches ; not 
principally by giving off its heat, but by e^anding, and thus 
having it^ own heat reduced by being diffused through a larger 
space. Wow, if the rising mass was saturated with moisture, this 
moisture would begin at once to be precipitated by the cooling 
■which it undergoes in consequence of expansion. If, instead of 
being saturated, its dew-point is a certain number of degrees below 
its temperature, it must ascend f^ enough to be cooled to the dew- 
point, before precipitation of its moisture will take place. Sop- 
pose, for instance, the temperatm-e at the earth is 70", and the dew- 
point is 65° ; then after the warm air has risen 1300 feet (5 x 300 



:yGooglt: 



333 HEAT. 

ft), it will become 5° cooler, and contain aJl the moisture -which 
is possible at that temperature. At that point precipitation be- 
gina, and forms the base of a cloud. The clouds, called cumulus, 
which are seen fonning during many summer forenoons, are the 
precipitations of eoliimns rising from warm spots of earth so high 
that they are cooled below their dew-point. But the movement 
and the precipitation do not stop here ; for, as moisture is precip- 
itated, its latent heat is given off in large quantities, -which ele- 
vates the temperature of the mass, and causes it to rise still higher, 
and precipitate still more of its moisture. As it becomes rarer, 
it spreads laterally, and causes the eumulug often to assume the 
overhanging fonn which distinguishes that species of cloud. 

573. Cyclones. — The late Mr. Eedfield investigated -with great 
success the phenomena of violent storms, especially of Atlantic 
hurricanes, and showed that they are generally, if not always, 
great whirlwinds, called cyclones. They usually take their lise iu 
the equatorial region eastward of the West India Islands ; they 
rotate on a vertical axis, advancing slo-wly to the northwest, until 
they approach the coast of the United States near the latitude of 
30°, and then gradually veer to the northeast, running nearly par- 
allel to the American coast, and finally spend themselves in the 
northera Atlantic Their rotary motion is always in one direc- 
tion, namely, from the east through the north to the west, or 
against the sun. This motion is also far more violent, especially 
in the central parts of the storm, than the progressive motion, 
The rotary motion may amount to 60 or 100 miles per hour, while 
the forward motion of the storm is not more than 15 or SO miles. 

In the southern hemisphere also, cyclones occur, having a pro- 
gressive and a rotary motion, both symmetrical with those of the 
northern cyclones. On the axis they revolve vnth the sun, not 
against it ; and they first advance toward the southwest, and grad- 
ually veer toward the southeast, as they recede from the equator. 

573. Drai^ht of Flues.— The effect of the sun's heat in 
causing circulation of the air has been already considered (Art. 
289-393). Similar movements on a limited scale are produced 
whenever a portion of the air is heated by artificial means. Thus, 
the air of a chimney is made lighter by a fire beneath it, than a 
column of the outer air extending to the same height. It is there- 
fore pressed upward by the heavier external air, which descends 
and moves toward the place of heat. The difference of weight in 
the two columns is greater, and therefore the draught stronger, if 
the chimney is high, provided the supply of heat is suificient to 
maintain the requisite temperature. Chimneys are frequently 
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bnilt one or two hundred feet high for the uses of manufactories. 
The high fireplaces and large fines of former times were unfavora^ 
l)le for draught, both because much cold air could mingle with 
that which was heated, and becanee there was room for external 
air to descend by the side of the ascending column, For good 
draught, no air shovild be allowed to enter the flue except that 
which has passed through the fire. 

574. Ventilation of Apartments.— The air of an apart- 
ment, as it becomes vitiated by respiration, may generally be re- 
moved, and fresh air substituted, by taking advantage of the same 
inequality of weight in air-columne, ■which has been mentioned. 
If opportunity is given for the warm impm-e air to escape from the 
top of a room, and for external air to take its place, there will be 
a constant movement through the room, as in the flue of a chim- 
ney, though at a slower rate. If the external air is cold, the 
weight of the columns differs more, and therefore the ventilation 
13 more easily effected. But in cold weather, tJie air, before being 
admitted to the room, is warmed by passing through the air-cham- 
bers of a furnace. When there is a chimney-flue in the wall of a 
room, with a current of hot air ascending in it, the ventilation is 
best accomplished by admitting the air into the flue at the upper 
part of the room ; since it will then be removed witli the velocity 
of the hot-air current. 

The tendency of the air of a warm room to pass out near the 
top, while a new supply enters at the lower pai-t, is shown by hold- 
ing the flame of a caudle at the top, and then at the bottom, of a 
door which is opened a little distance. The flame bends outward 
at the top and inward at the bottom. 

The impure air of a large audience-room is sometimes removed 
by a mechanical contrivance, as, for instance, a fan-wheel placed 
above an opening at the top, and driven by steam. 

The ventilation of mines is accomphshed sometimes by a fire 
built under a shaft, fresh air being supplied by another shaft, and 
sometimes by a fau-wheel at the top of the shaft. If there happen 
to be two shafts which open to the surface at very different eleva- 
tions, ventilation may be effected by the inequaUty of temperature 
which is likely to exist within the earth and above it. Let MM 
(Fig. 396) he the vertical section of a mine through two shafts A 
and B, which open at different heights to the sui'face of the earth. 
If the external air is of the same temperature as the air within 
the earth, then the column A in the longer shaft has the same 
■weight as B and C together, measured upward to the same leveh 
In that case, which is likely to occur in spring and fall, there is 
no circulation without the use of other means. But iu snuimw 
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tlie air Cis wanner than A ami B; fJierefore A is heavier than 
B + C. Hence tbero is a current of air down A and up B. In 
winter, C is colder than air within tha earth ; therefore B + 
ara together heavier 
than A, and the 
current aets in the 
opposite direction, 
down B and up A. 




575. Sources 

of IIes.t—T/ie sun, 

although neai'ly a 

hundred millions of 

miles from the earth, _^ 

is the soui-ce of — 

nearly aU the heat ^L 

existing at its sur- ^.,.,r^zL^__ _ 

face. The interior 

of the earth, except a thicLnesi of forty or fifty miles nest to the 

STir&fie, is believed k> be m a CLndition of heat so mtcnoe that all 

the materials composing it aie in the mcltea itite Bat the e w th s 

crust is 80 poor a conductor that only an insensible fraction of all 

this heat reaches the surface. 

MecMnical operations are usually attended by a deyelopment 
of heat. For example, if a broad surface of iron were made to re- 
volve, rubbing against another surface, nearly all the force ex- 
pended in overcoming the friction would appear as heat, a com- 
paratively small part being conveyed through the air as sound. 
The cutting tool employed in taming an iron shaft has been known 
to generate heat enough to raise a large quantity of cold water 
to the boiling point, and to keep it boiling for an indefinite time. 
It 13 a fact familiar to all, that violent friction of bodies against 
each other will set combastibles on fii'e. The axles of railroad 
ears are made red-hot if not duly oilec! ; boats are set on fli-e by 
the rope drawn swiftly over the edge by a whale after he is har- 
pooned ; a stream of spai'ks flies from the emory wheel when steel 
is polished, &e. Condensation and percussion, as well as friction, 
and all sudden applications of force, cause sensible heat. Indeed, 
wherever the full equivalent of any force is not obtained in some 
other form, the deficiency may be detected in the heat which is 
developed. 

Chemical action is another very common source of heat Com- 
bustion is the effect of violent chemical attraction between atoms 
of different natarea, when both light and heat are manifested. If 
the union goes on slowly, as in the rusting of iron, the amount of 
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heat ia the same, but it is diffused as fast as developed. The molec- 
ular foi-ces, expended in moat cases of chemical combination, as 
measured bj their heating effects, are enormously great. 

The "warmth produced by the vital processes in plants and 
animals is supposed by many physicists to ho caused by chemical 
action. In breathing the air, some of its oxygtm is consumed, 
which becomes united -with the blood. This process is in some 
respects analogous to a slow combustion, by which heat ia evolved 
in tlie animal system. 
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L I a EC T . 

CHAPTER I. 

MOTION AND INTENSITY OF LIGHT. 

576. Definitions, — Light is supposed to consist of exceed- 
ingly minute and rapid vibrations in a medium or ether wiiiuh 
fills space ; which vibrations, on reaching the retina of the eye, 
cause vision, as the ■vibrations of the air cause hearing, when they 
impinge on the tympanum of the ear, and as thermal vibrationB 
produce a sensation of warmth, 'when they fell on the skin. 

Bodies, which of themselves are able to produce vibrations in 
the eth,er suiTounding them, are said to mnii light, and are called 
self-luminous, or simply iuminou.s ; those, which only reflect light, 
are called non-luminous. Most bodies are of the latter class. A 
ray of light is a line, along which light is .propagated ; a ieam is 
made up of many pai-allel rays ; a pencil is composed of raja cither 
diverging or converging ; and is not unfrequently applied to those 
which are parallel. 

A snhstance, through which light is transmitted, is called a 
medium ; if objects are clearly seen through the medium, it is 
called transparent ; if seen faintly, semi-transparent ; if light is 
discerned through a medium, but not the objects from which it 
comes, it is called translucent; substances which transmit no light 
are called opaque. 

577. Light Moves in Straight Lines. — So long as the 
medium conbimies uniform, the line of each i-ay is perfectly 
straight. For an object cannot be seen through a bent tube ; 
and if three disks have each a small aperture through it, a ray 
cannot pass through the three, except when they are exactly in a 
straight line. The sliadow which is projected through space from 
an opaque body proves the same thing; for the edges of the 
shadow, taken in the direction of the rays, are all straight lines. 
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From every point of i lum noua suifTce light emanates in all 
possible directions, when not pieienttd by the interposition of 
an opaqne body. Thus a candle is sei.n by night at the distance 
of one or two miles ; and withm that limit no space so snuill as 
the pupil of the eye in destitute of nys from the candle. A 
point &.-ora which light emanates is cilled a radiant. IE light 
from a radiant falls peipendicnlarlj on a cucular disk, the pencil 
is a cone ; if on a '• ^ art, disk it is a sqmre pyi'amid, &e., the 
illuminated surface in eath case being the base, and the radiant 
the vertex. 

578. The Velocity of Light. — It has been ascertained by 
several independent methods, that light moves at the rate of about 
193,500 miles per second. 

One method is by means of the eclipses of Jupiter's satellites. 
The planet Jupiter is attended by four moons which revolve about 
it in short periods. These small bodies are observed, by the tele- 
scope, to undergo frequent eclipses by falling into the shadow 
which the planet casts in a direction opposite to the sun. The 
exact moment when the sateUite passes into the shadow, or comes 
out of it, is calculated by astronomers. But sometimes the earth 
and Jupiter are on the same side, and sometimes on opposite sides 
of the sun ; consequently, the earth is, in the former case, the 
whole diameter of its orbit, or abovit one hundred and ninety 
millions of miles nearer to Jupiter than in the latter. Now it is 
found by observation, that an echpse of one of the satellites is 
seen about sixteen minctes and a half sooner when the earth is 
nearest to Jnpiter, than when it is most remote from it, and con- 
sequently, the light must occupy this time in passing through the 
diameter of tlic earth's orbit, and must therefore travel at the rate 
of about 192,000 miles per second. 

Another method of estimating the velocity of Hght, wholly 
independent of the preceding, is derived from what is called the 
aberration of the jixed stars. The apparent place of a iixed star 
19 altered by the motion of its light being combined with the mo- 
tion of the earth in its orbit The place of a luminous object is 
determined by the direction in which its light meets the eye. But 
the direction of the impulse of light on the eye is modified by the 
motion of the observer himself, and the object appears forward of 
its true place. The stars, for this reason, appear shghtly displaced 
in the direction in which the earth is moving ; and the velocity 
of the earth being known, that of light may be computed in the 
same manner as we determine one component, when the angles 
and the other component are known. 

The velocity of light has been determined also by direct ex- 
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periment, in a manner somewhat analogous to that employed by 
Wheatstone for asccriaiKing the velocity of electricity. 

579. Loss of Intensity by Distance — The iniemity of 
light varies inversely as tlie square of iki, dulanc In Fig 397, 
Bnppose light to radi- 
ate from S, throngh ^le "W 

the rectangle AC, | 

and fell on S &, paral- i ' 

lelto^a AbSAE, 
8 B F, &c., are 
straight lines, the tri- 
angles, y? ^ £, 5* ^ i^, 
are similar, as also the ' 
rectangles, A C, E G ; therefore, A C: E Q :: AB': E F':: SA': 
8E\ Butthe same quantity of light, being diffused over ^ (7and 
E G, ■will be more intense, as the surface is smaller. Hence, the 
intensity of light at E : intensity s.t A : : A G : E G : : 8 A': S E, 
which proves the proposition. This demon sti'ation is applicable 
to every kind of emanation in sta-aight linos from a point. 

580, Brightness the Same at all Distances. — The hrigld- 
ness of an object is the quantity of light which it siieds, as com- 
pared with the apparent ai-ea from which it comes. Now thegwaw- 
i /y ( nt ty) 1 as 3 t b 1 ly tl 

q t tl d tan Tl pp t f g f ce I 
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of ^-, or-— —7-— .leaves the second stratum, ^^ r—.the third, 

ti n n 

and so on, in a geomotrieal series. For example, if a piece of 
colored glass is IJ inch thick, and each quarter of an inch ab- 
sorbs I of the light which falls upon it, then abont one-Jmn^ 
dredth of what enters the first surface will escape from the last 

For (--I = .01 nearly. 

582. Fhotometers. — These are instrnments designed for the 
measurement of the relative intensities of light. We cannot de- 
termine by the eye alone how many times more intense one light 
is than another, though we can judge with tolerable accuracy 
when two surfaces are equally iUuminated. Photometers are, 
therefore, generally constnicted on the plan of determining the 
ratio of intensities of two lights, by means of our ability to decide 
when they illuminate two surfaces equally. It is enfficient to 
mention Rumford's method hy shadows. Let the two unequal 
lights be so placed that the two shadows of an opaque body cast 
by them shall fall side by side on a white screen. If one shadow 
appears more Inminous than tbe other, remove to a greater dis- 
tance the light which illuminates it (or bring the other nearer), 
until the shadows appear of the same degree of illumination. 
Then measure tbe distances from the lights to the screen, and the 
intensities of the lights mil be directly as the squares of the dis- 
tances. For the light at tbe greater distance, since it illuminates 
the screen equally with the other, must gain as much by intensity 
as it loses by distance ; that is, in the ratio of the square of the 
distance. 

583. Shadows. — When a luminous body shines on one which 
is opaque, the space beyond the latter, from which the light is 
excluded, is called a shadow. The same word, as commonly used, 
denotes only the section of a shadow made by a surface which 
crosses it. Shadows are either total or partial. If tangents are 
drawn on all the corresponding sides of the two bodies, the space 
inclosed by them beyond the opaque body is the total shadow ; if 
other tangents are di-awn, crossing each other between the bodies, 
tbe space between the total shadow and the latter system of tan- 
gents is the partial shadow, or penumbra. In case the bodies are 
spheres, as in Pig. 298, the total shadow will be a cylinder, or con- 
ical frustum, each of infinite length, or a complete cone, according 
to the relative size of the spheres. But, in every case, the penum- 
bra and inclosed total shadow will form an increasing frustum. 
It is obvious that the shade of the penumbra grows gradually 
deepjr from the outer surface to the total shadow within it. 
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Every shadow cast by the sun has a pei u ' 1 
which gives to the shadow an ill-defined ed al tl 




mote the sectional shadow is from the opaque body which casts it, 
the broader will be the partial shado.w on the edge. 



CHAPTER II. 



EEFLECTION OF LIGHT. 

584. Radiant and Specular Reflection. — Light is said to 
be refiected when, on meeting a surface, it is turned back into the 
same medium. In ordinary cases of reflection, the light ie diffused 
in all directions, and it ia by means of the light thus scattered 
from a body that it becomes Tisible, ■when it sheds no hght of its 
own. This is called radiant reflection. It is produced by unpol- 
ished surfaces. But when a surface is highly polished, a beam of 
light felling on it is reflected in some particular direction ; and, 
if the eye is placed in this reflected beam, it is not the reflecting 
surface "which is seen, but the original object, apparently in a new 
position. This is called specula/r reflection. It is, however, gene- 
rally accompanied by some degree of radiant reflection, since the 
reflector itself is commonly visible in all directions. Ordinary 
mirrora are not suitable for accurate experiments on reflection, 
because light is modified by the glass through "which it passes. 
The speculum is therefore used, which is a reflector made of solid 
metal, and accurately ground to any required form, either plane, 
convex, or concave. The word mirror is, however, much used in 
optics for every kind of reflector. 
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Optical experiments are usually perfoi'mcd on a beam of light 
admitted through an aperture into a darkened room; the direetioii 
of the beam being regulated by an adjustable mirror placed out- 
side. An instrument consisting of a plane speculum moved by a 
clock, in such a manner that the reflected sunbeam shall remain 
stationary at ail hours of the day, is called a heliosiat. 

585, The Law of Reflection. — "When a ray of light is inci- 
dent on a mirror, the angle between it and a perpendicular to the 
surface at the point of incidence, is called the angh of incidence; 
and the angle between the reflected ray and the same perpendicu- 
lar, Ib called the angh of reflecOon. The law of reflection found 
to be universally true is the following: 

The angles of incidence and rejection are on opposite sides of 
the perpendicular, and are equal to each other. 

This is well shown by attaching a small mirror to the centre 
of a graduated semicircle perpendicular to its plane. Let M D M 
{ITig. 299) be the semicircle, graduated from D both ways to M 
and iV, and mounted so that it can 
be revolved on its centi-e, and Fro 31)0 

clamped in any position. Let the 
small mirror be at 0, with its plane 
perpendicular \a G D; then a ray 
from the heliostat, as ^i C, passing 
the edge at a particular degi'ee, 
will be seen after reflection to pass 
the corresponding degree in the 
other quadrant. By revolving the 
semicircle, any angle of incidence 
may be tried, and the two rays are 
always found to be in the same 
plane with CD, and equally in- 
clined to it. 

As the mirror revolves, the re- 
fiected ray revolves twice as fast, 

For A CD is increased or diminished by the angle through 
which the mirror turns; therefore B G B is also increased or 
diminished by the same ; hence A C B, the angle between the two 
rays, is increased or diminished by the sum of both, or twice the 
same angle. 

It follows from the law of reflection, that a ray which falls on 
a mirror perpendicularly, retraces its own path after reflection. It 
is obvious, also, that the complements of the angles of incidence 
and reflection are equal, i, e. A C M= B C N. The law of reflec- 
tion is applicable to curved as well as to plane mirrors ; tlie radius 
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of curvature at any point being the pei-pendiciilar with which the 
incident and reflected rays make equal angles. 

Radiant reflection fonaa no exception to the foregoing law, 
though the incident rajs are in one and the same direction, and 
the reflected rays ai-e scattered every way. For the minute cavi- 
ties and prominences which constitnte the roughness of the gene- 
ral surface are bounded hy small surfaces lying at all inclinations ; 
and each one reflecting the i-ays which meet it in accordance with 
the law, those rays ai-e necessarily thrown off in all possible 
directions. 

586. IncliiiEtion of Rays to esch other not altered by 
the Plane Mirror. — 

1. Eays which diverge before reflection, direrge at the same 
angle after reflection. 

Let MN (Fig. 300) be a plane min-or. Fig, goo 

and A B,AG, any two rays of Ught fall- a o IS C 

ing upon it fi-om the radiant A, and re- iV 1 / / 

fleeted in the lines B E, C 0. Draw the I \\ / / 

perpendicular A P, and produce it indefl- :■! [ -. \-> _ > 

nitely, as to J', behind the muTor; also / 

produce the reflected rays back of tlie / / 

mirror. Let § i? be perpendicular to the 
mirror at the point B\ it is therefore 
parallel to ^ ^, and the plane passing 
through A J" and Q R, is that which in- 
cludes the ray A B, B E. Therefore, 
E B, when produced back of the mirror, intersects A P produced. 
Let J' be the point of intersection. B A F=^ AB Q,w.\ii A F B 
= EBQ;hTitABQ = EBQ (Art. 585) ; .-.B A F=A F B, 
and A B= FB. HP and B bo joined, P B being in the plane 
M Nis pei-pendicular to A F, and therefore bisects it. Hence, the 
reflected ray meets the perpendicular ^ ,P as far behind the mir- 
ror, as the incident ray does in front. In the same way it may be 
proved that A C= G F, and that G, when produced back of the 
mirror, meets A F&.t the same point F. 

Now, since the triangles A C B and FOB, have their sides 
respectively equal, their angles are equal also; hence B A = 
B F G. Therefore any two rays diverge at the same angle after 
reflection as they did before reflection. 

Since the reflected rays seem to emanate from F, that point is 
called the apparent radiant; A is the real radiant. 

3. Rays which converge before reflection, converge at the same 
angle after reflection. Let E B, (? C, be incident rays converging 
toward F, and let B A, C A,])e the reflected rays. It may be 
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proved as tefore, that A aad Fam in the same perpendicular, A F, 
and equidistant from P, and that B FG = B A 0. 

The point F, to which the incident rays were convergiiig, is 
called the virtual foms ; A is the real focus. 

3. Bays which are parallel before reflection are parallel after 
reflection. 

It has been proved in case 1, that F, the intersection of the 
reflected rays, is as fer behind the miiTor, as A, the intersection of 
incident rays, is before it Sow, if the incident rays ai-e parallel, 
A is at an infinite distance from the mirror. Therefore F is at 
an infinite distance behind it, and the reflected rays are paralleL 

In all cases, therefore, rays reflected by a plane mirror retain 
the same inclination to each other which they had before reflection. 

587. Spherical Mirrors.— A spherical mirror is one which 
forms a part of the surface of a sphere, and is either convex or 
concave. The axis of such a muror is that radius of the sphere 
which passes through the middle of the mirror. In the practical 
nse of spherical mirrors, it is found that the light must stiike the 
surface very nearly at right angles ; hence, in the following state- 
ments, the mirror is supposed to be a very small part of the whole 
spherical surSice, and the rays nearly coincident with the axis. 

It is BulHcient to trace the course of the rays on one side of the 
axis, since, on account of the symmetry of the mirror around the 
axis, the same effect is produced on every side, 

588. Convergii^ Effect of a Concave Mirror.— 

1, Parallel rays are converged to the middle point between the 
centre and surfiice, which is therefore called titefoeus of parallel rays, 
or the principal focus. Let KA,LE (Fig. 301), be parallel rays 
incident upon the concave mirror^ if,whose centre of tontavity is 

Fie. 301, 



G. The ray L E, passing through C, and therefore pi ipendicnlar 
to the min-or at E, is reflected directly back. Join C A, and make 
C A F~ R A C; then R Ai& reflected in the line A F, and the 
two reflected rays meet at F. RAC=AG F, .: A 0F= FA 0, 
and^ F= OF; and as ^ and ^ are very near together, E F^ 
F C; that is, the focus of parallel rays is at the middle point be- 
tween C and E. 
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2, Diverging rays, falling on a giTen concave mirror, are re- 
fiected converying, parallel, or less diverging, accortiing to the 
degree of divergency in tde original pencil Let C (Pig. 308) be 
the centre of concavity, and F the focus of parallel laya. Then, 




rays diverging from any point, A, beyond G, will be converged to 
some point, a, between (7 and F, since the angles of incidence and 
reflection are less than those for parallel rays. Eaya diverging 
from Care reflected back to C; those from points between C'and 
i^, as (7, are converged to pointe beyond C',da A; those diverging 
from ^become parallel; and those from points between J" and the 
mirror, as D, diverge after reflection, but at a less angle than be- 
fore, and seem to flow from A'. To prove, in the last ease, that 
the angle of divergence, A', after reflection, is less than the angle 
D, the divergence before reflection, observe that the angle A' is 
less than the exterior angle HBO; hrAH B C = D B G (Art. 
585), which is less than DUE, which is equal to A' D B; much 
more, then, ia A' less than A' D B. 

3. Oowverging rays are made to converge more. The rays R B, 
A E, converging to A', are reflected to I), nearer the mirror than 
^is. And it has been shown that the angle D is larger than A', 
hence the convergency is increased. 

Jroni the three foregoing cases, it appears that the concave 
mirror always tends to produce convergencg ; since, when it does 
not actually produce it, it diminishes divergency. 

589. Conjugate Poci — When light radiates from A, it is 
reflected to a ; when it radiates from a, it meets at A. Any two 
sach interchangeable poinia are called conjugate foci. If the radius 
of the mirror and the distance of one focus from the mirror are 
given, the distance of its conjugate focus may be determined. 
Let the radius = r ; the distance A E = 'm; and a E = n. As 
the angled fi a is bisected by S C> A B : a B :: A G : a 0; t\i&t 
is, since S E is very small, A Ei a E: : A C\aC, or, m : M : : 



If A is not on the axis of the mirror, as in Tig. 303, let a line 

HostocCyGoOgle 



CONVEX MIRBOE. 



351 



be drawn througli A and 0, meeting the mirror in E; this ia called 
a secondary axis, and the light i-adiating from A will be reflected 
to a on the same secondary asis, 
for A U is pei'pendieular to the ^'"'■- 303. 

mirror, and will be reflected di- 
rectly back; and ii A E and C E 
are given, a E may be found as 
before. 

S90. Divergii^ Effect of a Convex Mirror. — 

1. Parallel rays are reflected diverging from the middle point 
between the centre and surface. Let C (Fig. 304) be the centre 
01 convexity of the mirror M N, and draw the radii, G M, CD, 




producing them in front of the mirror ; t!iese are perpendicular to 
the surface. The ray R D will be reflected back ; A M will be 
reflected in MB, malting B ME=A ME. Produce the re- 
flected ray back of the mirror, and it will meet the asis in E, mid- 
way from C to i); for FCM= A ME,mA F M = B M E; 
therefore the triangle F G Mis isosceles, and C F = F M, and as 
Jf is very near D, C F= F D. Hence the rays, after reflection, 
diverge as if they radiated from a point in the middle of G D, 
which ia the apparent radiant. 

%. Diverging rays have their divergency increased. Let A D, 
A M (Fig, 305), be the diverging raya ; DA, MB, the reflected 




rays ; these when produced meet at F, which is the apparent radi- 
ant. MA Fif, the divergency of the incident rays, and A F B 
of the reflected raya. Kow the exterior angle, A F B,\s greater 
than GM F, or B M E, or A M E. But A M E, being exterior, 
is greater than M A F; much more, then, \s A F B greater than 
MAF. 

3. Gonvergent rays are at least rendered less convergent, and 
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may become parallel or divergent, according to the degree of pi-e- 
vious convergency. The two iirat effects are shown by Figs. 304 
and 305, reversing the order of the rays. And it is easy to per- 
ceive that rays converging to G, will diverge from G after reflec- 
tion ; if to a point more distant than G, they will diverge afterward 
Jxom a point between G and F (Fig. 304), and vic6 versa. 

The general effect, therefore, of a convex mirror, is to produce 
diverffeiici/. 

A and F (Fig. 305) are called conjugate foci, being inter- 
changeable points ; for rays from A move after reflection as thongh 
from F, imi rays converging to Fare by reflection converged to 
A. Conjugate foci, in the case of the convex mirror, are in the 
same axis either principal or secondaiy, as they are in the concave 
mirror, and for the same reason, viz., that every axis is perpendic- 
ular to the surface. 

591. Images by Heflection. — An optical image consists of 
a collection of focal points, from which light either really or appa- 
rently radiates. "When rays are converged to a focus they do not 
stop, but cross, and diverge again, as if originaliy emanating team 
the focal point. A collection of such points, arranged in oi-der, 
constitutes a real image. When rays are reflected diverging, they 
proceed as tiiough they emanated from a point behind the mirror. 
A collection of snch imaginary radiants forms an a^jparent or vir- 
tual image. The images formed by pl/me and convex mirrors are 
always apparent; those formed by concave mirrors may be of 
either kind. 

592. Xm^es by a Plane Mirror. — When an object is before 
a plane mirror, its image is at the same distance beJiind it, of the 
same magnitude, and equally inclined to it- Let M JV (Fig. 306) 
be a plane mirror, and ^ 5 an ob- 
ject before it, and let the position ^^^g. 306. 

of the object be snch that the re- ^3 ^^ 

fleeted rays may enter tlae eye iL*i^r^ ^-<:^^^P^ 
placed at R. From A and B lot "T"^ ^^^y^^ 
fail upon the plane of the mirror ^--Jfe J ^i^^^ ^ma'JT 
the pei-pendiculara A F, B G, and J^^^f^^ jf^ 
produce them, making Ea = A E^ ^"^^-/'^ 
and 6 i = B G. Now, since the ^ 

rays from A will, after reflection, 

radiate as if from a (Art. 586), and those ii-om B, as if from 5, and 
the same of all other points, therefore the image and object aro 
equally distant from the mirror. A G,ac, parallel to the mirror, 
are equal ; &a B G -d G, bji& A H = a E, therefore, by subtrac- 
tion, B C=bc; also the right angles at G and c are equal. There- 
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fore A B = ab, and B A =i a c; that is, the object and image 
ara of eijual size, and equally inclined to tlie mirror.. 

It appears from the demonstration, that the object and ita 
image are comprehended between tlie same perpendiculars to the 
plane of the mirror. 

The object and image obvionsly have to each other twice the 
inclination that each has to the mirror. Hence, in a mirror in- 
clined 45° to the hoi-izon, a horizontal surface appeal's vertical, 
and one which is vertical appears horizontal. 

593. Symmetry of Object and Im^e. — All the three di- 
mensions of the object and image ai-e respectively equal, as shown 
above, bnt one of them is inverted in position, namely, that dimen- 
sion which is perpendiculai' to the mirror. Hence, a person and 
his image face in opposite directions ; and trees seen in a lake have 
tlieir tops doiraward. Those dimensions which are paiullcl to the 
mirror are not inverted. In conseqnence of the inversion of one 
dimension alone, the oliject and its image are not similar, but 
symmetrical forms; and one could not coincide with the other if 
brought to occupy the same space. The image of a right hand is 
a left hand, and all i-elations of right and left are reversed. It is 
for this i-eason that a printed page, seen in a mirror, is lilie the 
type with which it was printed. 

594. The Length of Mirror Requisite fur Seeing ein 
Object.— If an object is parallel to a mirror, the length of mirror 
occupied by the image is to the length of the object as the reflected 
ray to the sum of the incident and reflected 

rays. Let 4 5 {Fig. 30?) be the length of the Fia. 807. 

object, CD that of the image, and F 6 that of |- . -^ 

the space occupied on the mirror ; then, by 
similartriangles,i^(?:Ci)::-SJ':.ffC. But 
CD = A B, and CF=AF; .: FG : A B :: 
EF : AF+ FF. If the eye is brought \-- 
nearer the mirror, tlie space on the mirror oc- " a j? 

eupied by the image is diminished, because F F 
has to ^ i'' + FF a less ratio than before. The same effect is pro- 
duced by removing the object farther from the mirror. The length 
of mirror necessary for a person to see himself is equal to half his 
height, because in that case, FF: A F+ FF :: I -.2, which ratio 
will not be altered by change of distance, 

595- Displacement of Image by Two Re9ections.~If an 

image is seen by light reflected from two mirrors in a plane per- 
pendicular to their common section, its angular deviation from 
23 
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the objeiit is equal to twice tliB inclination of tlie min-ors. Let 
A B Cn (Fig. 308) be two plane miiTors iuelined ai the angle 
AG V. If an eye at H sees the 
star S in the direction 0, the &i\- 

= ABS= GBD; .: H B D --^ 
2GBD. In like manner, 5D0 
=::%BDa ButSIIO^^BDO 
■^HBD^^BDG-^GBD 
= %BGD; .■.SH0 = 2BGR 
This principle is employed in 
the constmctioa of Hadley's quad- 
rant, and the sextant, used at sea 
for measuring angulai- distances. 
The angles measured are twice as 
great as the arc passed over by 
the index which carries the re- 
volving mirror ; hence, in the 

quadrant, an arc of 45° is graduated into 90° ; and, in the sextant, 
an arc of 60° is graduated into 120°. 

596. Multiplied Images by Two Mirrors.— 

1. Parallel Mirrors. The series of images is infinite in num- 
ber, and arranged in a straight line, pei-pendicular to the mirrors. 
The object JS between the parallel mirrors, A B, CD (Fig. 309), 






has an image at F, as far behind A B as Sis in front of it, and 
between the same perpendiculars. The rays reflected \)y A B 
divei^e, as though they emanated from F; hence, F may be re- 
garded as an object before GD, whose image is at F', as far behind 
it Again, F' may be considered as an object before A B, and so 
on indefinitely. Another series exists in the same line, by begin- 
ning with G, the first image behind GD. As hght is absorbed 
and scattered by each reflection, these images grow Ikinter, and at 
length disappear. Articles of jewelry are sometimes apparently 
multiplied and extended over a large surface, by lining the cases 
with parallel omTors. 
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The multiplied images of a small bright ohjeet, somotimea 
seen in a looiiing-glass, are produceil hy repeated reflections be- 
tween Wie front and tbe silvered covering on the ba*;k side. At 
eafih internal impact on the flret surface some light est-apesj and 
shows us an image, while another portion is reflected to the hack, 
and tlience forward again. The image of a lamp viewed very 
obliquely in a mirror la sometimes rel^eated eight or ten times ; 
and a planet, or bright star, when seen in. a looMng-glass, will 
be accompanied by three or four fauit images, caused in the 
same way. 

3. Inclined Mirrors. In this case, the images are limited in 
number, and arranged in the circumference of a circle, whose 
centre is in the line of common section of the planes of the mir- 
rors, and whose radius is the distance of the object from that line. 
Let AB,AG (Fig. 310) be the mirrors, and E the object. Draw 
E Q perpendicular to A B, 

and make E F = F G, then ^"^- ^"'■ 

will G be the first image ; in 
the same way, find /, the im- 
age of fi by ^ C; K, the 
image of 1; and V, that of 
K. Then begin with the 
mirror A G, and find, aa be- 
fore, M, 0, P, Q, the succes- 
sive images by the two mir- 
rors. No image of Y or Q 
can be formed, because tiiey 
are behind both mirroi-s. All 
these Images are in the cir- 
cumference of a circle, whose 
radius is .S-^; toiEF,FA, 
and angle at F, are respectively equal U> F, F A, and angle at 
F; .: E A=: G A; and in the same way it may be proved, that 
E A = A M, A I, &c. If the edges at A be separated, malting 
the inclination of the mirrors leas and less, the number of images 
will increase, and the circumference will approach a straight line, 
so that ultimately we shall have the ease described in (1), in which 
the mirrors are parallel 

597. Path of the Pencil by which each Image ib Been.— 
Fig. 311 will assist to understand how each image is seen by a 
pencil of light which passes back and forth between the miiTors, 
nntil it reaches the eye. If the eye is at 0, and the object at Q, 
and its images at A, B, 0, D, each image is of course seen by a 
pencil which comes from the mirror to the eye, as if it originated 
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in that iraa^e. Therefore, draw a line from any i: 
the eye, and from its intersection with the mirroi 
to the pi-eeeding image ; 

from the intersection of ^^*' ^^'^■ 

that line with the other 
mirror, a line to the im- 
age next preceding, and 
so on back to Q; tlie 
whole path of the pen- 
cil will then he ti-aeed. 
Thne, A being joined, 
and Q a drawn to the in- 
teraection a, the image A 
ia seen by the ray Q a, 
aO. Inlikemanner, i; is 
seen tyy Q b, }} c, c ; C, 
by Qcl,de,6f,f0; and 

■A tiy QSi s ^^> ^' *i * ^'i 

JcO. 



I D, to 




598. The Kaleidoscope. — Tbia instmment, when carefully 
consti-noted, beautifully exhibits the phenomenon of multiplied 
reflection by inclined mirrors. It consists of a tube contammg 
two long, narrow, metallic mirrors, inclined at a suitable angle ; 
and is used by placing the objects (fi'agmenta of coloi^ed glass, 
etc.) at one end, and applying the eye to the other. In order that 
there may be perfect symmetry in the figure made up of the ob- 
jects and their successive images, the angle of the muTors should 
be of each siae, that it can be exactly contained an even number 
of times in 360°. The best inclination is 30° ; and the field of 
view is then composed of 13 sectors. It is also essential, tliat the 
small objects forming the picture, should lie at the least possible 
distance beyond the mirrors. To insert three mirrors instead of 
two, as is often done, only serves to confuse the picture, and mar 
its beauty. 

599, Images by the Concave Mii'ror. — The concave mir- 
ror forms various images, either reai or apparent, either greater or 
less than the object, either erect or inverted, according to the place 
of the object. 

1. The object letween the mirror and its principal focus. By 
Art. 588 (3), rays which diverge from a point between the mirror 
and '\\r principal focus, continue to diverge after reflection, but in 
a less degree. Let Che the centre, and F the principal focus of 
the mirror M N (Fig. 313), and A B the object. Draw the axes, 
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Ai C B, and produce them behind the mirror. The pencil from 
A will be reflected to the eye at //, radiating as from a, in tho 
eame axis; likewise, those from B, as from 5. Therefore, tho 




image is apparent, since rays do not actually flow from it ; erect, 
as the axes do not cross each other between ^e object and image ; 
enlarged, because it subtends the angle of the axes at a greater dis- 
tance than the object does. As the object approaches, and finally 
reaches the priacipal focus, the reflected raya approach par^elism, 
and the image departs from the mirror, till it is at an infinite dis- 
tance, and is yiewed as a hearenly body. 

3. Object between the principal focus and the centre. As soon 
as the object passes the principal focus, the rays of each pencil be- 
gin to converge ; and each radiant of the object haa its conjugate 
focus in the same axis beyond the centre (Art 589). For exam- 
ple, the pencil A dg (Fig. 313) is oonrerged to a in the axis A Oa, 
and B D G ioh In the axis B Oh. Therefore, the image of AB 
18 a J beyond the centre ; and if an observer is beyond a h, the 
rays, attei ajssing at the image, will reach him, as though they 

Fig. 313. 




ongmated vaah or if a screen is placed at a b, the light which 
IS collected m the focal points will be thrown in all directions by 
r'idiant reflection from the scvceii. Hence, the image is real ; it 
18 also im erted, because the axes cross between the conjngate foci ; 
and it is enlarged, since it subtends the angle of the axes at a 
greater distance than the object does. That bC'is greater than 
B 0, IS proved by joining € G, which bisects the angle BGh, and 
therefore divides B 5 so that B C : C5 ; : B (? : *? 5. When the 
object reaches the centre, the image is there also, but inverted in 
position, since rays which proceed from one side of C, are reflected 
to the other side of it, 
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3. 0"bject Uyond the centre. This is the reverse of (2), the 
conjugate foci baviBg changed places; ab, therefore, being the 
object, .,4 if is its image, real, inverted, diminished. As the ob- 
ject remoTes to infinity, the image proceeds only to the principal 
focus F. 

600. Illustrated by Experiment. — These cases are shown 
experimentally by placing a lamp close to the miiTor, and then 
cai'rying it along the axis to a considerable distance away. While 
the lamp moTes from the mirror to the principal focns, its image 
behind the mirror recedes from its sarface to infinity ; we may 
then regard it as being either at an infinite distance behind, or an 
infinite distance in fVont, since the rays of every pencil are par- 
allel. After the lamp passes the principal focus, tlie image ap- 
pears in the air at a great distance in front, and of great size, and 
they both reach the centre together, where tliey pass each other ; 
and, as the lamp is carried to great distances, the image, gi-owing 
lees and less, approaches the principal fociis, and is there reduced 
to its smallest size. The only part of the infinite line of the axis 
before and behind, in which no image can appear, is tlie small dis- 
tance between the mirror and its principal focus. 

If a person loots at himself, so long as he is between the mir- 
ror and the principal focus, he sees his image behind the mirror 
and enlarged. But when he is between the principal focus and 
, centre, the image is real, and behind him ; the converging rays of 
the pencils, however, enter his eyes, and give an indistinct view of 
his image as if at the mirror. Wlien he reaches the centre, the 
pnpil of the eye is seen covering the entire mirror, because rays 
from tlie centre are perpendicular, and return to it from all parts 
of the surface. Beyond the centre, he sees the real image in the 
air before him, distinct and inverted. 

601. Ims^es by the Convex Sdinror — The convex mirror 
aEfoi"ds no variety of cases, because diverging rays, which fall upon 



it, are made to diverge still more by reflection. In Pig. 314, the 
pencil from A is reflected, as if radiating from a in the same axis 
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A C, and that from B, as from 5 in the axis B C; and these ap- 
parent radiants are always neai'er the euifaee than the middle 
point between it and C (Art. 590). The image ia therefore appar- 
ent; it' is erect, since the axes do not cross betiveen the object and 
image ; and it is diminished, as it subtends the angle of the axes 
at a less distance than the object. 

602. Catistics by Reflection. — These are luminous curved 
surfaces, formed by the intersections of rays reflected from a hemi- 
sphericid concave mirror. The name caustic is given from the 
circumstance that heat, as well as light, is concentrated in the 
focal points which compose it. BAD 
(Fig. 315), represents a section of the ^™' ^'''*- 

mirror, and B F D ai the caustic ; the 
point F, where all the sections of the 
caustic through the axis meet each 
other, is called the cusp. When the 
incident rays are parallel, as in the 
figure, the cusp is at the principal 
focus, that is, the middle point be- 
tween A and 0. The rays near the 
axis R A, after reflection meet at the 
cusp (Art. 588) ; but those a little more 
distant cross them, and meet the axis a little further toward A. 
And the more distant the incident ray from the axis, the further 
from the centre does the reflected ray meet the axis. Thus each 
ray intersects all the previous ones, and this series of intersections 
constitutes the curve, B F. The curve is liiminous, because it 
consists of the foci of the suceeesive pencils reflected from the 
axQ A B. 

If the incident rays, instead of being parallel, diverge from a 
lamp near by, the form of the caustic is a little altered, and the 
cnsp ie nearer the centre. This ease may be seen on the surface 
of milk, the light of the lamp being reflected by the edge of the 
bowl which contains it. 

If parallel or divergent light falls on a convex hemispherical 
mirror, there will bo apparent caustics behind the mirror; that is, 
the light will be reflected as if it radiated from points arranged in 
such curves. 

603. Spherical Aberration of Mirrors.— It has already 
been mentioned (Art. 587), that the statements in this chapter 
relating to focal points and images, as produced by spherical mir- 
rors, are true only when the mirror is a veiy small part of the 
whole spherical surface. In Art. 802 we have seen the effect of 
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using a large part of the epberical Biirface — viz., the rays neither 
converge to, nor diTerge /com a single point, but a series of points 
arranged in a curve. This general effect is called the spherical 
aierration of a mirror; since the deviation of the rays is due to 
the spherical curvature. The deviation, as we have seen, is quite 
apparent in a hemisphere, or any considerable portion of one ; but 
it exists in some degree in any spherical mirror, unless infinitely 
small compared with the hemisphere. 

But there are carves which will reflect without aberration. 
Let a concave mirror be ground to the form of a paraboloid, and 
rays parallel to its axis will be converged to tlie focus without 
aberration. For, at any point on such a mirror, a line parallel to 
the axis, and a line drawn to the focus, make equal angles with 
the tangent, and therefore, equal angles Trith the perpendicular to 
the surface. And rays, parallel to the axis of a convex paraboloid, 
will diverge as if frem its focus, on the same account. Again, if a, 
radiant is placed at the focus of a concave parabolic mirror, the 
reflected raya will be parallel to the axis, and will illuminate at a 
great distance in that direction. Such a mirror, with a lamp in 
its focus, is placed in front of the locomotive engine to light the 
track, and has been much used in light-houses. If a eoneave mir- 
ror is ellipsoidal, light emanating from one focns is collected with- 
out aberration to the other, because hnes from the foci to any point 
of the curve make equal angles with the tangent at tliat point 

Since heat is reflected according to the same law as light, a 
concave mirror is a burning-glass. When it faces the sun, the 
light and heat are both collected in a small image of the sun at 
the principal focus. And, if no heat were lost by the reflection, 
the intensity at the focus would be to that of the direct rays, as 
the area of the mirror to the area of the sun's image. Burning 
mirrors have sometimes been constructed on a large scale, by giv- 
ing a eoneave arrangement to a great number of plane mirrors, 



CHAPTER III. 

HEFRACTION OF LIGHT. 



604. Division of the Incident Beam.— "When light falls 
on an opaque body, we have noticed that it is arrested, and a 
shadow formed beyond. Of the light thus arrested, a portion is 
reflected, and another portion lost, which is said to be absorbed by 
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the body. Wlien light meets a transparent body, a part is still 
reflected, and a small portion absorbed, but, in general, the gi-eater 
part is transmitted. The ratio of intensities in tlie reflected and 
transmitted beams varies with the angle of incidence, but little 
being reflected at small angles of incidence, and almost the whole 
at angles near SC, 

605. RefractioiL — The transmitted beam suff'ers important 
changes, one of which is a change in direction. This change is 
called refraction, and takes place at the surface of a new medium. 
In Fig. 316, A C, incident npon R S, the surface of a different 
medium, is turned at C into another 
line, as C JS, which is called the re- 
fracted ray. The angle E C Q, he- 
tweeu the refracted ray and the perpen- 
dicular is called the angle of refraction ; 
the angle G G E, between the direc- 
tions of the incident and the refracted 
rays, is the angle of deviation. 

It is a general fact, to which there 
are but few exceptions, that a ray of 

light in passing out of a rarer into a denser medium is refracted 
toward the perpendicular' to the surface ; and in passing out of a 
denser into a rarer medium, it is refracted /rom the perpendicular. 
But the chemical constitution of bodies sometimes affects their 
refracting power. Some inflammable bodies, as sulphur, amber, 
and certain oils, have a great refracting power in comparison with 
other bodies; and in a given instance, a ray of light in passing 
out of one of these substances into another of greater density may 
be turned from the perpendicular instead of towai-d it. In the 
optical use of the words, therefore, denser is understood to mean, 
of greater refractive power ; and rarer signifies, of less refractive 
power. In Fig. 316, the medium below J? 5" is of greater refrac 
tire power than that above. 

We see an example of refraction in the bent appearance of an 
oar in the water, the light which comes to the eye from the parS 
immersed is bent from the perpendicular as it passes iVom water 
into air, and causes it to appear higher than its true place. In the 
same manner, the bottom of a river appears elevated, and dimin- 
ishes the apparent depth of the stream. Let a small object be 
placed in the bottom of a bowl, and let the eye be withdrawn till 
the object is hidden from view by the edge of the bowl. If now 
the bowl be filled up with water, the object is no longer concealed, 
for the light, as it emerges from the water, is bent away from the 
perpendiculai', and brought low enough to enter the eye. 
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606. Law of Redaction. — The law which is found to hold 
true in all cases of common refraction is this: 

The angles of inetdence and refraction are on opposite sides of 
the perpendicular to the surface, and, for any giv&n media, the sines 
of the angles have a constant ratio for all inclinations. 

For example, in Fig. 317, \t A C \& refracted to E, then a C 
•ffiil be refracted to «, so that AD'.EF 
\\a&\ ef; and if the rays pass ont in Fig. 317. 

a coiitrajy direction, the ratio 18 also 
constant, being the reciprocal of the 
former, viz., E F: A D::ef: ad. 

A ray perpendicular to the surface, 
passing in either direction, is not re- 
fracted ;. for, according to the law, if 
the sine of one angle is zero, the sine of 
the other must he zero also. Which- 
ever way hght passes, when air is one 
of the media, snppose the sine of the 
smaller angle, i. e. the angle in the denser medium, to be 1, then 
the sine of the larger angle for water is 1.336 ; and for crown glass, 
it is about 1.5. The number, in each ease, expresses the constant 
ratio of the sines for the given media, and is called the index of 
refraction, and is employed as the measure of refractive power. 
The following table gives the index of refraction for a few sub- 
stances : 

Chromate of lead, . . . 2.974 
Red silver ore, . . . .2.564 

Diamond, 2.439 

Phosphorus, 2.224 

Sulphur, 2.148 

Flint glass, 1.830 

Sapphire, 1.800 

Sulphuret of carbon, . ■ 1.768 

Oil of cassia, 1.641 

Quartz 1.548 



Amber, i-547 

Crown glass, 1.530 

Oil of olives, 1.470 

Alum, 1457 

Fluor spar, 1.434 

Mineral acids, .... 1,410 

Alcohol, i>373 

Water, i'336 

Ice, 1.309 

Tabasheer i.m 



607. Limit of Transmission from 
a Denser to a Harer Medium.— As a 

consequence of the law of refraction, 
there is a limit beyond which a ray can- 
not escape from a denser medium. Let 
A C (Fig. 318) be the ray incident upon 
the rarer medium RES. It will be 
refi'acted from the perpendicular D F 
into the direction C E, so that AD is, to 
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£i^ in a constant ratio (Art 606). If tJie angle A CD bo 
increased, the angle F C B mnat also increase till its sine equals 
C8. '^fik%ad:GS::AIi\BF; then tt C is the limit of the inci- 
dent rays which can emerge. For if it Ci> is enlarged, its sine 
ia increased, and therefore the sine of refraction must increase; 
but this is impossible, since it is already equal to the radius C iS^. 
Hence it follows, that whenever the angle of incidence is greater 
than that at which the sine of the angle of refraction becomes 
equal to radius, the ray cannot he refracted consistently with the 
constant ratio of the sines. 

This IS proTcd also by experiment; the emerging ray increases 
its angle of refraction till it at length ceases to pass out. Beyond 
that limit all the incident rays are rejlected from the inner surface 
of the denser medium; and this reflection is more perfect than 
any external reflection, and ia called total r^ection. If m = the 
index of refraction, the limit at which refraction ceases and total 
reflection begins is found by the propoi-tion, m ; 1 : : rad. ; sine of 
the limit If the refractive power is greater, the limit ia smaller ; 
for, by the above proportion, since the means are constant, n vaiies 
inversely as sine of limit. For water, it is 48° 38' ; for crown glass, 
40° 49'; for diamond, 24° 13'. 

608. TransmiBsion through Plane Surfaces. — 

1. A medium bounded by parallel planes. In this ease the 
incident and emergent i-ays are parallel Lot D E (Fig 319) enter 
the medium A Bha&\. E, and leai e 
it at F, and let P Q, R ^ he> the ^i 1> 

perpendicnlars at E, F The Ctot -* J" It 
angle of refraction Q E F, and the /^ 

second angle of incidence, E F R, = — ■■ > • 07 

are equal, being alternate, theie- 'M 

fore, D E P= 8 FQ, smce tliai -5— j^^ — — -^ 

sines have a constant ratio to those v'^ff 

of QEF,EFR. Hence, if the ,« S* 

incident rays are produced to (7 and 

IT, the angles of deviation aie equal Imt D E Fi'i '^npplrment to 
thefirstangleof deviation ind ^'in 120 

EF G of the eeennd There- 
fore, asDE F&niEFG are 
alternate and equal, J) E \& 

. A medium bounded by 
inclined planes, cilled 'i pi ism 
The transmitted ray is turned 
from the refracting angle. Let 
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ABC (Fig, 320) be that section of a glass prism wliicli is per- 
pendicular to its axis, and A C, B C, the inclined sides of it, 
through which the light is transmitted. is called the refracting 
angle, and A B the lase. As prisms are usually constructed and 
mounted, either A, B, or C may be the refracting angle ; hut it is 
not essential that any of the faces should meet at an edge, as the 
effect on the light depends only on the inclination. In oi-dinary 
directions of the ray, the two refractions, one on entering, the 
other on leaving the prism, conspire to increase the deviation of 
the ray fVom its original direction. D EiB first bent toward E K, 
making the deviation HEF; at F,'A is turned /romi^Q, malting 
a second deviation, E F 1, the same way. The sum of the two 
deviations, IEF+EFI=QIH, the total deviation away 
fl-om the i-efracting angle, C. 

To an eye at G, the radiant D is seen in the direction G F I. 

609 The MiUtiplying Glass — A piece oi gla's ground 
with one Bide plane, and the othei in an; number of plane facets 
on a convx buifice is called a muUi^!i/iJig <}lass Etch facet, 
along with the opposite plane surface forms a pnsm and if a 
radi int A is placed m the axis (t perpendicular thiough the l 'U- 
tie of the plane surface) the 
pencils felling on the seveial nc 331 

facets will be turned fiom 
the edge, and may by tno 
refnctions at the opposite 
Burftces hi, brought to in eye 
placed also m the axl^ nnd 
thus as many images will be 
seen as there are fatLts Fig 
321 exhibits the effect of 
seven such facets. 

610. Prism used for Measuring Refractive Power.— 

The following theorem may he used for determining the refractive 
power of a substance, after firet forming it into a prism of small 
angle: 

If the angle of deviation he divided ly the refraeting angle of the 
prism, and the quotient be added to unity, the sum is tlte index of 




In proving this, it is assumed that all the angles are very 
small, so that they vary aa their Bines. Let n = the index of re- 
fi-action, then (Fig. 330), 

EEI(=DFP):EEF::n:l; .: F E I : E E F: in-l-A; 
eS.?aEFl{^GFQ):KFE::n:\; .: EFI: K FE::n-l:li 
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.-. F U I + E F I : E E F + E F E :: n - 
.: FIM:P'KF::n~l:l. 
But P' E F ~ A C B, eacli being the supplement of E K F. 
Therefore, /'i J/: ^ C B -.-.n - I il; 

FIB ^^J^^,-, 

''AGS' ■'■'^~~AOB^ ^- 



-1 — - 



Kow, in crown glass, -i-p-n ^s found by trial to be very near J ; 

.*. n = 1.5 nearly, 

In order to find the index of refraction for any solid substance, 
grind it into a pviem whose sides are nearly parallel, and cai-efuUy 
measure their inclination. Then measure the displacement of a 
distant object seen through it at right angles to its enrfaee- I'or 
example, the faces of a transparent mineral incline 1° 10'; and 
when held before the eye, it displaces a distant object 50'; /. the 
index of refraction = 1 + | = 1.714. 



611. Li^t through one Sur&ce. — 

1. Plane Surface. When parallel rays pass into another me- 
dium through a plane surfaoe, they remain parallel. For the per- 
pendiculars being parallel, the angles of incidence are equal, and 
therefore the angles of refraction are equal also, and the refracted 
rays parallel. But a pencil of diverging rays is made to diverge 
less, when it enters a denser medium.. For the outer rays make 
the largest angles of incidence, and are therefore most refracted 
toward the perpendiculars, and thus toward parallelism with eaoh 
other. And when diverging rays imter a rarer medium, they di- 
verge more; because the outside rays make the largest angles of 
incidence, and therefore the largest angles of refrac- p.,„ r^, 
tion, by which means they spread more from each 
other. 

The last case is illustrated when we look per- 
pendicularly into water, and see its depth apparently 
diminished by about one-foui^th of the whole. Let 
A S (Fig. 333) he the surface, and a point at the 
bottom, from which a pencil comes to the eye. Let 
F, the axis of the pencil, he perpendicular to A B, 
and B E sm obhque ray of the pencil. The an- 
^\% C= G B H— angle of incidence ; and A D B 
= 6 B E — angle of refraction. Now, in tbe tri- 
angle B B C,B a-.B D {-.lA C:A D nearly) . : 
Bin D-.smG:: sine of refraction ; sine of incidence 
: : 1.34 : 1. Hence the apparent depth is one-fourth 
less than the real depth. The apparent depth of 
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water may be dimiiiislied nii;cli more tliaa this by looking into it 
obliquely. 

3. Convex surface of the denser. A convex surface tends io 
converge rays. Let C" (Fig. 333) be the centre of conYexity, and 
C D, C C, two radii produced. As rays are bent toward the per. 




pendiculars in entering a densei medium and aa the perpendicn- 
iars themselTes converge to f the general effect of snch a surface 
is to produce convergencj The pencil A H, A N, is merely 
made less divergent, H D , N -i , B H, B 3t become parallel, 
HD',NB'; D H,J) N, convergent to B' ; the parallel rays, D H, 
E JV, convergent to B'; the convergent pencil, D H, F N, more 
convergent to F'\ \mi D S, C if, ■which converge equally with 
the radii, are not changed; and D H, G N, which converge more 
than the radii, converge less than before, to ff '. The two last 
cases, which are exceptions to the general effect, rarely occur in 
the practical use of lenses. 

If we trace in the opposite direction the rays, A', B', D', &e., 
comparing each with D' D, we find, in this case also, that the 
convex surface tends to converge the rays, by bending them/rom 
G'D, CO. 

3. Concave surface of the denser. A concave surface tends to 
diverge rays. Let C, G D (Fig. 324), be the radii of concavity 
produced. As tho radii diverge in the direction in which the hght 

Fig. 334. 




moves, the rays, being bent toward them, wiU generally be made 
to diverge also. Hence, parallel rays, B ff, B N,3xe diverged, 
H D, N E' ; and diverging rays, B H, B N, are diverged more, 
H D, N B'. If, however, rays diverge as much as the radii, or 
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more, they proceed in the same direction, or diverge less, a case 
■which rarely occurs. 

If the rays are traced in the opposite direction, the tendency 
in general to produce divergency appears from the fact that the 
perpendiculars are now converging lines, and the rays arc refracted 
from them, 

612, Lenses.— A lens is a circular piece of glass, whose sur- 
faces are plane or spherical, and the spherical surface either convex 
The usual varieties are shown in Fig. 325, 




A double convex lens ( i) consists of two spherical sogniLnts, 
either equally or unequally convex having a common bi=i. 

A. plano-conv&x lens {B) is a lens having one of its sidtb eon- 
vex and the other plane, being simply a segment of a sphere. 

A double concave lens (C) ia a solid bounded by two concave 
spherical surfaces, which may be cither equally or unequally 



A plano-concave lens (D) is a lens one of whose surfaces ia 
plane and tlie other concave. 

A meniscus {E) is a lens one of whose surfaces is convex and 
the other concave, but the concavity being less than the convexity, 
it takes the form of a crescent, and has the effect of a convex lens 
whose convexity is equal to the difference between the sphericities 
of the two sides. 

A concavo-convex lens {F) is a lens one of whose surfaces is 
convex and the other concave, the concavity exceeding the con- 
vexity, and the lens bemg therefore equivalent to a concave lens 
whose concavitv is equal to the difference between the sphericities 
of the two sides 

A line {My) paasrag through a lens, perpendicular to its op- 
posite surfaces, is cilled the tr-iH The axis usually, though not 
necessarily, passes through the centre of the figure. 

613. General Effect of the Convex Lens. — Whether dou- 
ble-convex or plano-convex, its general effect is to converge liglit. 
It has been shown (Art. 611) that the convex surface of a denser 
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medium tends to converge raya, "wliicliever way they pass through 
it Therefore, if E ("b'ig. 330) is a radiant, while E C (J ibllows 




the axis without change of direction, the oblique ray E D \& first 
refracted toward D O, and then from C D' produced, and both 
actions conspire to converge it to the axis. The rays are repre- 
sented as meeting in t]ie focus F. "Whether the rays ai'e aetually 
converged, depends on their previous relation to each other. K 
the lens is plaiw-convex, the plane surface has usually but little 
effect in converging the light ; but by Aii. 611 it may be shown 
that its action will usually conspire with that of the convex 



614. G-eneral EfTect of the Concave Lens. — This lens, 
whether double-concave or plano-concave, tends to produce diver- 
ffencj/. Tliis is evident from what has been shown in Art. 611. 
The ray ED (Fig. 337), in entering the denser medium, is first 

Fig. 337. 




refracted toward C' D produced, and on leaving the medium at D', 
is refracted from D' C ; and is thus twice refracted from the ray 
E C, which being in the axis, is not refi-acted at all. If the lens 
is plano-concave, the effect of the plane surface may, or may not, 
conspire with that of the concave surface, 

615. The Optic Centre of a Lens. — Within every lens 
there is a point called the optic centre, so situated that the inci- 
dent and emergent portions of every ray which passes through it 
are parallel to each other. Let C, C" (Fig. 338), be the centres of 
the two Bur&ces of the lens ; draw the axis G G', also any obliqae 
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radius C A, and C'B paa^lel to it ; then join A B ; tlie point S, 
in whicli A B intersects tlie axis, is the optic centre, and RA the 
incident, and B R' the emer- 
gent portion of the ray passing 
through A and B, are parallel 
to each other. For the angles 
BAG, and BB C", are equuJ, 
being alternate, and therefore 
the i-ay is refra<;t«d &i A and £ 

equally and in opposite directions, mal mg R A and B R par- 
allel, as proved in Art. 608, 1. But the pcmt E is the same, 
■whatever may be the points A and B, to iihich the panlkl radii, 
A,G' B,w& drawn. For, since the tiiangles E i. C BBC, 
are similar, C A-.O B:: G E: C E; .-.C A + G B LB CE 
+ C E : & E; and as the three first teims are constant the 
fourth, C E,\ii constant also, and .B is t fixed pomt 

MHien the lens is thin, and the raya aie neaily parallel to its 
axis, the my R A B R' may be considered a straight hne and it 
forms the axis of the pencil of light which pa ses through the 1 ns 
in that direction. 



616. Conjugate Foci.— If the ra\ fnm P (Fig a '9) ire 
collected at F, then rays, emanating fura E will be ictuined 
to R; and the two points are called conjugate foa Then lehi- 
tiye distances from the lens may be deteimined "when the radii of 




the surfaces and the index of refraction are known. Let n be the 
index of refraction, and assume, what is practically ti'ue, that the 
angles of incidence and refraction are so small that their ratio is 
the same as the ratio of their sines. Then 

R G P {= K G I) : I G E :: n -.l; 

.: EGH-:IGH::n-l:l; 
in like manner KHG: I ITGi-.n - 1: i ; 

.: K GH^KII 0:1 GII + IB G::n -1:1. 
But KGII+KHG = BEF=R+F; 
and IGJI+IIIO=GIC^ 0+ p' ; 
U 
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iiiiming the acute angles at E, 0, C', F, by those letters re- 
spectively 

.-. R + F:0+C'::n-l:l. 
Xow, the lena being thin, and the angles R, G, C, and F very 
small, the same perpendionlar to the axis, at L, the centre of the 
lens, may be considered as subtending all those angles. Hence, 
each angle is as the reciprocal of its distance from L. Let Ji L~ 
p; FL = (i; GL^r; andC"i = )''. Then the equation above 
becomes 

111,1 

- + -:- + -, ::ji-lil; 

p q r r 

which expresses in geneiul the relation of the conjugate foci. To 
adapt it to crown-glass, call w = |, and we have 

1111 ^ „ 

- + - : - 4- -, : : 1 : 3. 



617. To End the Principal Tooua. — The radiant from 
which parallel rays come is at an infinite distance. Therefore, 
making p = ^, and the distance of the principal focue — F, we 



; for crown-glass this is 



If the curvatures are equal, F = -~ ; for crown-glass this 

i t« — 1) 



-r; that is, the principal focus of a double convex 
lens of crown-glass, having equal eurvatui'es, is at the centre of 
convexity. 

The foregoing formulae are readily adapted to the other forms 
of lens. Whoji a surface is plane, its radius is infinite, find 

-, or -7 = 0. When concave, its centre is thrown upon the same 

side as the surface, and its radins is to be called negative. And if 
the focal distance, as given by the formula, becomes negative, it is 
understood to be on the same side as the radiant; that is, the 
focus is a virtual radiant, 

618. Images by the Convex Leas.— The coHWa; lens forms 
a variety of images, whose character and position depend on the 
place of the object If it is at G\b principal foms, the rays of every 
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pencil pasa out parallel, and seem to come from an infinite dis- 
tance. If the object ia nearer than the principal focus, the emer- 
gent rays of each pencil divei'ge lesa than the incident rays, and 
therefore seem to radiate from points further hack; the image is 
therefore apparent. Ijet M N (Fig. 330) he the object nearer than 
the principal focus, F. Then the pencil from if will, after refrac- 




tion, diyerge ae from m in CM produced, and so of eyery point ; 
hence m « is the image. It ie erect, because the axes of the pencils 
do not cross between the object and image ; and it is enlarged, 
because it subtends the angle M C NaXa, gi'eater distance than 
the object 

But if the object is further from the lens than the principal 
focus, the rays of each pencil converge to a point in the axis of 
that pencil produced through the lens ; and thus light is collected 
in focal points, which consequently become actual radiants. The 
last case is illustrated by Fig. 331, in which M Nh the object, and 




m n the image. A cone of rays from covei-s the lens L L, and 
is converged again into the axis at o, the conjugate focus of 0, and 
there cross, and proceed as from a radiant. The cone of rays from 
M is converged to m in the axis Mm of that cone, which is a 
straight line through the optic centre (Art. 615) ; and so from 
every point of the object. Though the rays of every radiant con- 
verge from the lens to the conjugate focus of that radiant, yet the 
axes of the pencils diverge from each other, having all crossed at 
the optic centre. The image is therefore inverted, as are all real 
images, in whatever way produced. 
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The formula for conjugate foci shows that if ^ is increased, g" 
is diminished ; therefore the further jW" if is remoTed fi.'oni the 
lens, the nearer m n approaches to it; but the nearest position is 
the principal focus, which it reaches when the object is at an infi- 
nite distance. As the object and image subtend equal angles at 
the optic centre, and are parallel, or nearly parallel with eaeh 
other, their diameters are proportioned to their distances from the 
lens. But the area of the lens has no effect on the size of the 
im^;e, since change of area does not alter the relation of the axes, 
but only the size of the luminous cones, and thus the quantity of 
light in each pencih 

619, Images by the Concave Lens. — As the rays of each 
pencil are diverged more after passing through the lens than before, 
tbe image is appare/tt, and is situated between tlie lens and the 
object. Let M 2i(Eig. 333) fee the object; the cone of raya from 
N wUl, after refraction, diverge more, as from n, in the same axis 




iV"; and all other pencils will be affected in a similar manner, 
and form an apparent image mn. It will be erect, since the axes 
do not cross between, and diminished, being nearer the angle C, 
which IS subtended by both object and image. 

It is noticeable that the concave mirror and the convex lens are 
analogous in their effects, forming images on both sides, both real 
and apparent, both erect and inverted, both larger and smaller 
than the object ; whUe the convex mirror and the concave lens also 
resemble each other, producuig images always on one side, always 
apparent, always erect, always smaller than the object. 



620. Caustics by Refraction'. — If the convex surft 
lens is a considerable part of a hemisphere, 
the rays more distant from the axis \v ill be 
so much more refracted than others, as to 
cross them and meet the axis at nearni 
points, thus forming caustics by refra*,tion 
Fig. 333 shows this effect in the case of 
parallel rays; those near the axis mter- 



e of a 
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secting it at the principal focus F, and the intersections of re- 
moter rays being nearer and nearer to the lens, so that the whole 
converging pencil assumes a form resembling a cone witli concaYO 
sides. 

621. Spherical Abeirraticn of a Lens. — The production 
of eansties is an extreme case of what is called sphei'ical aberra- 
tion. Unless the lens is of small angular breadth, a pencil whose 
rays originated in one point of an object is not converged accu- 
lately to one point of the image, but the outer rays are refracted 
too much, and make their focus nearer the lens than that of the 
central rays, as represented in Pig. 33i, K i^ is the focus of the 
central rays, and W of the 
extreme ones, other rays of ^^'^^ ° 

the same beam are collected 
in intermediate points, and 
F F' is called the longitu- 
dinal spherieal aberration ; 
and 6* H, the breadth cov- 
ered by the pencil at the 
foCHS of central rays, is called the lateral spherical aberration. 

Such a lens cannot form a distinct image of any object ; be- 
cause perfect distinctness requires that all rays from any one point 
of the object should be collected to one point in the image. I^ 
for example, the beam whose outside rays are ^ ^, ^ B, comes 
from a point of the moon's disk, that point will not be perfectly 
represented by F, because a part of its light covers the cii-cle, 
whose diameter is G H, thus overlapping the space representing 
adjacent points of the moon. And if that point had been on the 
edge of the moon's disk, F could not he a point of a well-defined 
edge of the image, since a part of the hght would be spread over 
the distance F G outside of it, and destroy tlie distinctness of its 
outline. 

622. Remedy for Spherical Aberration. — As spherical 
lenses refract too mnch those rays which pass through the onter 
parts, it is obvious that, to destroy aberration, a lens is required 
whose curvature diminishes toward the edges. Accordingly, foims 
for ellipsoidal lenses have been calculated, which in theory will 
completely remove this species of aberration. But no curved 
solids can be so accurately ground as those whose curvature is uni- 
form in all planes, that is, the spherical. Hence, in practice it is 
found better to reduce the aberration as much as possible by spher- 
ical lenses, than to attempt an entire removal of it by other forma 
which cannot be well made. 
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lu a plano-convex lens, whose plane siirfaoe is to-ward the ob- 
ject, the spherical aberration is 4^; that is (Fig. 334), F F = 4.5 
times the thiclrneas of the lens. Bat the same lens, with its con- 
vex side toward the object, is far better, its aberration being only 
1.17, In a double convex lens of equal cuiTatures, the aberration 
is 1.67 ; if the radii of cnrvatnre are as 1 : 6, and the most convex 
side is toward the object, the aberration is only 1.07. By placing 
two plano-convex lenses near each other, the abeiTation may be 
still more reduced. 

623. Atmospheric Hefraction. — The atmosphere may be 
regarded as a transparent spherical shell, whose density increases 
from ite upper surface to the earth. The I'adii of the earth pro- 
duced ai-e the perpendiculars of all the laminas of the air ; and 
rays of light coming from the Yaouum beyond, if oblique, are bent 
gradually toward these perpendiculars ; and therefore heavenly 
bodies appear more elevated than they really are. The greatest 
elevation by refraction takes place at the horizon, where it is 
about half a degi'ee. 

624. Mirage. — This phenomenon, called also looming, con- 
sists of the formation of one or "more images of a distant object, 
caused by horizontal strata of air of very different densities. Ships 
at sea are sometimes seen when beyond tlie horizon, and their 
images occasionally assume distorted, forms, eonti'aoted or elon- 
gated in a vertical direction. These effects are generally ascribed 
to extraordinary refraction in horizontal strata, whose difference 
of density is nnusually great. Bnt many cases of mirage seem to 
be instances of total reflection from a highly rarefied sti-atum rest- 
ing on the earth. These occur frequently on extended sandy 
plains, as those of Egypt, When the surface becomes heated, 
distant villages, on more elevated gi'ound, are seen accompanied 
by their images inverted below them, as in water. As the traveler 
advances, what appeai-ed to be an expanse of water retires before 
him. By placing alcohol upon water in a glass vessel, and allow- 
ing them time to mingle a little at their common surface, the phe- 
nomena of mirage may be artificially represented. 
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CHAPTER IV. 



DECOMPOaiTION AND DISPERSION OF LIGHT. 



625. The Prismatic Spectrum. — Another change which 
light suffers in passing into a new medium, is called decomposi- 
tion, or the separation of light into colors. For this purpose, the 
glass prism is generally employed. It is so mounted on a jointed 
stand, that it can be placed in any desii'ed position across the 
beam from the heliostat. The beam, as already noticed, is bent 
away from the refracting angle, both in entering and leaving the 
prism, and deviates sevei'al degrees from its former direction. If 
the light is admitted through a narrow apej-ture, F (Fig. 335), and 




the axis of the prism is placed parallel to the length of the aper- 
ture, the light no longer falls, as before, in a nai-row lino, L, but 
is extended into a band of colors, R V, whose length is in a plane 
at right angles to the axis of the prism. This is called the pris- 
matic spectrum. Its colors are usually regiirded as seven in 
number — red, orange, yellow, green, Uue, indigo, molet. The i-ed 
is invariably nearest to the original direction of the beam, and 
the violet the most remote ; and it is because the elements of 
white light are unequally wfrangihle, that tliey become separated, 
by transmission through a refracting body. The spectrum is 
properly regarded aa consisting of innumerable shades of color. 
Instead of Ne'wton's division into seven colors, many choose to 
consider aU the varieties of tint as caused by the combination of 
three primitive colors, red, yellow, and hhie, varying in thoir pro- 
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portions throughout the entire spectrum. Tlie number seven, 
as perhaps any other particular numher, must be regai-ded aa 
arbitrary. 

The spectnim contains other elements besides those ■which 
affect the eye. If a thermometer bulb be moved along the spec- 
trum, it is found that the greatest heat lies outside of the visible 
spectrum at the red extremity ; hence heat is less infrangible than 
light. On the other hand, the chemical or actinic rays are more 
refrangible than the luminous raj's, and Ml at and beyond the 
violet end of the spectrum. 

Light from other sources is also susceptible of decomposition 
by the prism; but tlie spectrum, though resembling that of the 
sun, usually differs in the proportion of the colors. 

626. The Individual Colors of the Spectrum cannot be 
Dscomposed by Re&action.— Some of the colors of the spec- 
trum are called simple colors, namely, red, yellow, and blue, while 
the othsrs are generally regarded as compound colors ; for orange 
may be formed'of red and yellow, greeu of yellow and blue, while 
indigo and violet are mixtnres of blue and red in' different propor- 
tions. It is nevertheless true, that none of the colors of the spec- 
trum can be decomposed by refraction. For if the spectrum 
formed by the prism A be allowed to fall on the screen ED (Fig. 
336), and one color of it, green for example, he let through the 




screen, and received on a second prism, B, it is still refracted as 
before, but all its rays remain together and of the same color. 
The same is true of every color of the spectrum. Therefore, so 
far as refrangihility is concerned, all the colors of the spectrum 
are alike simple. 

627. Colors of the Spectrum Recombined.— It may be 

shown, in several ways, that if all the colors of the spectrum be 
combined, they will reproduce white light. One method is by 
transmitting the beam successively through two prisms whose 
refracting angles ai-e on opposite sides. By the first prism, the 
colors are separated at a certain angle of deviation, and then foil 
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on the Becondj whieli tends to produce the same 
delation in the opposite direction, by which 
means aJl the colors are brouglit wpon the same 
ground, and the ilhiminated spot is white sia if no 
prism had been interposed. Or the colors may 
be reeeiyed on a series of small plane mirrors, 
which admit of such adjustment as to reflect all 
the beams upon one spot. Or finally, the several 
colors can, by diflerent methods, be passed so rap- 
idly before the eye that their -visual impressions 
shall be united in one ; in which ease the illu- 
minated surtace appears white. 

628. Complementary Colors. — If certain 
colors of tlie spectrum are combined in a com- 
pound color, and the others in another, these two 
are called complementary colors, because, when 
united, they will produce white. For example, if I 
grem, blue, and yellow are combined, they will 
produce green, differing slightly from that of the 
spectrum; the remaining colors, red, orange, in- 
digo, and vioki, compose a kind of purple, imlike 
any color of the spectrum. But these partienlar | 
shades ot green oaApurple, if mingled, will make ~ 
perfectly wbito light, and are therefore comple- 
mentary colors, 

629. Fixed Dark Lines of the Spectrum. 

— Let the aperture through which the sunbeam 
enters be made exceedingly narrow, and let the 
prism be of uniform density, and then let the re- 
fl-acted pencil pass immediately throngh a small 
telescope, !ind thence into the eye, and there ap- 
pears a phenomenon of great interest — the dark 
lines, or the Fraunhofer lines, as they are often 
called from the name of their discoverer. These % 
lines, an imperfect view of which is presented in | 
Pig. 337, are unequal in breadth, in darkness, and 
in distance from each other, and so fine and 
crowded in many parts that the whole number 
cannot be counted. Fraunhofer himself described 
between 500 and 600, among which a few of the 
most prominent are marked by letters, and used 
in measuring refractive power. At least as many 
as six thousand are now known and mapped, so 
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thai any one of them may be identified. They are parallel to each 
other, and pei-pendicnlar to the length of the spectrum. When 
the pencil passes through a eucceesion of prisms, all bending it 
the same way, the spectrum becomes more dilatetl, and more lines 
are seen. The instrument fitted up as above described, either with 
one prism or a series of prisms, is called a spectroscope, 

630. Biright Lines in the Spectrum of Flame. — If the 

spectroscope be used for the examination of the flame of different 
substances in combustion, the spectimm is found to consist of cer- 
tain bright lines, differing in color and number, according to the 
substance under examination. Thus, the spectrum of sodium 
flame, besides showmg other fainter lines, consists mainly of two 
conspicuous ^elloio lines, very close together, so as ordinarily to 
appear as one. The flame of carbon shows two distinct liuM, one 
of wliich is green, the other indigo. In this respect erery sub- 
stance differs from every other, and each may be as readily distin- 
guished by the lines which compose its spectrum as by any other 
property. The lines of some substances are veiy numerous ; as, 
for example, iron, whose spectrum lines amount to four or five 
hundred. 

But a solid or liquid substance, when raised to a red or white 
heat, without passing into the gaseous state and producing flame, 
forms a continuous spectrani, having neither bright nor dark 
lines. 

631. The Spectnun of a Heated Solid or Liquid Shin- 
ing through Flame. — The condition of a spectrum is entirely 
changed, when the light from a heated solid or liquid substance 
shines through the flame of a burning gas. The bright lines 
instantly become dark lines. The flame seems to absorb just 
those rays, and only those, which are like the rays emitted by 
itself. As an example, the spectrum of sodium flame consists of a 
bright double yellow line, and a few fine luminous lines of other 
colors. If now iron at an intense white heat shines through this 
flame, the whole spectrum becomes luminous, except tlie very 
lines which were before bright; these are now dark. 

632. Composition of the Sun's Surface. — A great number 
of the dark lines of the solar spectrum are identical in position 
with lines in the spectrum of terrestrial substances. The spectro- 
scope can be attached to t!ie eye-piece of a telescope, so as to bring 
half the breadth of the solar spectrum side by side with half the 
breadth of the spectrum of the flame of some substance ; and their 
lines can thus be compared with each other on the divisions of the 
same scale. When this is done, there is found, with regard to 
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several Hubstaiices, an identity of position and relatiye breadtli and 
intensity so exact tliat it is impossible to regard the agreement as 
acoidentaL The double line I) of the sunbeam, is the prominent 
line of sodium. So all the numerous lines of potassium, iron, and 
eevei-al other simple sabstaneee, exactly coincide with tlie dark 
lines of the spectrum of sunlight. 

The foregoing facts seem to indicate that the photosphere of 
the sun consists of the flame of many substances, among which 
are some such as belong to the earth, namely, sodium, potassium, 
iron, &c. ; and that the luminous liquid matter beneath the pho- 
tosphere shines through it, and changes all the bright liaes-to 
dark ones. 

633. Dispersion of Light. — Decomposition of light refers to 
the fact of a separation of colors ; dispersion, rather to the meas- 
ure or degree of that separation. The dispersive power of a me- 
dium indicates the amount of separation which it produces, com- 
pared with the amount of refraction. For example, if a substance, 
in reii"aoting a, beam of light 1° 51' from its course, separates the 
violet from the red by 4', then its dispersive power is ^f 7 = .036. 
The following table gives the dispersive power of a few substances 
much used in optics : 

Oil of Cassia, . . 0.139 Plate-Glass, . 
Sulphuret of Carbon, 0.130 , Sulphuric Acid, 
Oil of Bitter Almonds, 0.079 Alcohol, , . 
FUnt-Glass, . . . 0.052 Rock-Crystal, 

0.043 ^^"^ Sapphh-e, 

0.038 Fluor-spar, , 

0.036 I 



Muriatic Acid, 
Diamond, . . 
Crown -Glass, . 



The discovery that different srrbstances produce different de- 
grees of dispersion, is due to DoUond, who soon applied it to the 
removal of a serious difficulty in the construction of optical in- 
struments. 

634. Chromatic Aberration of Lenses.— This is a devia- 
tion of light from a focal point, occasioned by the different re- 
frangihility of the colors. If the surface of a lens be covered, 
except a narrow ring near the edge, and a sunbeam be transmitted 
through the ring, the chromatic aberration becomes very apparent ; 
for the most refrangible color, violet, comes to its focus nearest, 
and then the other colors in order, the focus of red being most 
remote. Since the distinctness of an image depends on the ac- 
curate meeting of rays of the same pencil in one point, ibis clear 
that discoloration and indistinctness are caused by the separation 
of colors, 
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635. Achromatism. — In order to refract light, and still keep 
the colors united, it is necessary that, after tlie beam has been 
refracted, and thus separated, a substance of greater dispersiye 
power should be used, which may bring the colors together again, 
by refracting the beam only a part of the distance back to its 
original direction. For instance, suppose two prisms, one of 
crown-glass and oiie of flint-glass, each ground to snch a refract- 
ing angle as to separate ■ the violet &om the red ray by 4'. In 
order for this, the crown-glass, whose dispersive power is .036, 

4' 
must refract the beam 1° SI' ; for ■■ ^ = .036 ; and the flint- 
glass, whose dispersive power is .053, must refract only 1° IT ; 

4' 
fi>r T5-TS7 = .052, Place these two prisms together, base to edge, 

as in Ij'ig. 338, being the crown-glass and F the flint-glass. Then 




Cwill refi-act the beam, 55, downward 1° 61', and the violet, v, 4' 
more than the red, r ; ^will refract this decomposed beam up- 
ward V 17', and the violet 4' more than the red, which will just 
bring them togethei at vi. Thus the colors are united again, and 
yet the beim is refi-acted downward 1° 51' — 1° 17' = 34', from its 
original direction. 

636. Achromatic Lens.— If two prisms can thus produce 
achromatism, the «ame may ho effected by lenses ; for a convex 
lens of cioivn ^lasa mi\ converge the rays of a pencil, and then a 




eonoavo l(,ns of flmt-glase may diminish that eonvergency siiffi- 
cientl? to unite the culais, A lans thus constructed of two lenses 
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of different materials and opposite euiTatares, so adapted as to 
produce an image free from chromatic aberration, is called an 
achromatic lens. Fig. 339 shows such a combination. The convex 
lens of crown-glass alone would gather the rays into a series of 
colored foci from vtor; the concave flint-glass lens reft-acts them 
partly back again, and collects all the colors at ont; point, F. 

637. Colors not Dispersed ProportionaUy.—It is assumed 
in the foregoing discussion, tliat when the red and violet are 
united, all the intei'mediate colors will be united also. It ia found 
that this is not strictly trne, but that different substances seimrate 
two given colors of the spectrmn by intervals which have different 
ratios to the whole length of the spectrum. This departnre from 
a constant ratio in the distances of the several colors, as dispersed 
by different media, is called the vrrationalitfj of dispersion. In 
consetLuence of it there will exist some slight discoloration in the 
image, after uniting the extreme colors. It is found better in 
practice to iit the enrvatnres of the lenses, for uniting those rays 
which most powerfully aflfeet the eye. 



CHAPTER V. 

RAINBOW AND HALO. 



638. The Rainbow.— This phenomenon, when exhibited 
most perfectly, consists of two colored circular ai'ches, projected on 
falling rain, on which the sun is shining from the opposite part 
of the heavens. They are called the inner or primary bow, and 
the outer or secondary bow. Each contains all the colore of the 
spectrum, arranged in contrary order ; in the primary, red is outr 
ermosf ; in the secondary, violet is ontermost The primary bow 
is narrower and brighter than the secondary, and, when of unusual 
brightness, is accompanied by supernumerary bows, as they are 
called ; that is, narrow red arches just within it, or overlapping 
the violet ; sometimes three or four supernumeraries can be traced 
for a short distance. The common centre of the bows ia in a line 
drawn from the sun through the eye of the spectator. 

639. Action of a Transparent Sphere on Light. — It will 
aid iu understanding the manner in which the bow is formed, to 
notico the experiments which first led to a correct theory respect- 
ing it. Let a hollow sphere of glass bo filled with water and placed 
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in the sunlight, and then let the direeiions and conditions of the 
moat luDiinous pencils which emerge from it be observed. Fig. 
340 exhibits the general I'esnlt. The entire hemisphere exposed 
to the rays is of course penetrated, by them ; but a narrow pencil, 
S A, about 60" distant from ^S" 0, the axis 
of the drop, that la, the ray which passes 
through its centre, is converged to £, 
■where some light escapes, but a large part 
is reflected to i> ; at that point a division 
occurs again, and the emerging pencil, 
D E, consists of decomposed hgh^ each 
color of which can be seen at a great dis- 
tance. The part reflected at D divides 
again near F, but the emergent portion d" 
intensity of D E. But if a pencil, which f 
about 10° outside of iS' ^4, be traced, we And that a part is reflected 
near B, a pai-t of that again reflected at d, and then, on reaching 
the point F, the emcj^ing portion is not only decomposed, but re- 
tains its intensity to a great distance. The pencil D E, which has 
been once reflected at B, is the one concerned in the pi-oduction 
of the primary bow. The pencil F G, which leaves the drop at 
F, after it has been Uoice reflected, is one of those which consti- 
tute the secondary bow. 

Most of the light which enters a drop of rain, and leaves it 
again, either not reflected at all, or reflected one or more times, is 
scattered in various directions, and brings to the eye of an ob- 
server no impression of intense hght It is only such rays as are 
reflected and transmitted in circumstances to be contignous to 
each other, and to continue parallel after leaving the drop, which 
can produce the bright colors of the rainbow. 

640. Course of Rays in the Pirimary Bow. — Ijnifzpq 
(Fig, 341) be the section of a drop of 
rain,/p a diameter, ab,cd, &e., par- ^^'^- ''*'■ 

allel rays of the sun's hght, falling 
upon the drop. Now yf, a ray coin- 
ciding with the diameter, suffers no 
refraction ; and « 5, a ray near to yf, 
is refracted very little towai^d the ra- 
dius, so as to meet the remoter surface 
of the drop about half as far from the 
axis as when it entered ; but the rays 

which lie further from yf, mating greater angles with the radius, 
are more and more refracted as they are further removed fi-om the 
diameter. 
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And it is found, by a simple calculation on the course of the 
rajH, that those which enter beyond the limit of aboat 60", cross 
more or less of those entering nearer the axis, the furthest one of 
all at 90° being refracted almost to p. Hence all tlie rays falling 
on the qnadi-ant/s, meet the cireumferetice -witbla the are kp. 
Bnt when a.rai7ing quantity is approaching its limit, or is begin- 
ning to depart from it, it« changes are neai'ly insensible. Thus, a 
large number of rays near c d, on both sides of it, meet veiy near 
k, the limit of the are p k. Consequently, many more rays are re- 
flected from that point than from any other in the are, Now 
were these rays to return in the same lines, they would emerge 
parallel in the lines near c d ; but if, instead of i-etuming back in 
the quadrant/ z, they are reflected on the other aide of the radius, 
they make the same angles with the radius, and therefore with 
each other, as the incident rays do, and consequently meet the 
curye at the same inclination on the other side of the asis, and 
emerge parallel. Hence it appears that there is a pai'ticular point 
in the section of the drop on the back side, where the rays of the 
sun's light accumulate, and then diverge, so that, on emerging, 
those of a given color fonn a compact pencil of parallel rays. It 
is found by calculation that the angle which the incident and 
emergent rays make with each other — that is, the angle included 
by ed and e 5- produced — is, for the red rays, 43° 3', and for the 
nolet rays, 40° 17', and for other colors, between these limits. Cal- 
culation shows, also, that these are the greatest deviations possible 
for rays once reflected ; since all luys on the quadrant fz, whether 
nearer or further than the pencil c d, at 60°, emerge with smaller 
deviations, 

641. Cotirse of Rays in the Secondary Bow.— There is 
also an accumulation at a certain Mmit, fof the liglit which 
emerges after suffering two reflections. If, as before, we calculate 
the conree of the rays which fall on the quadrant/j,we shall find 
that those, d e (Fig. 343), which enter at about 71° or 73°, from 
the axis fp, after crossing each other 
in the drop at a, are reflected at A into ^ ' 

parallel lines, and, consequently, after 
a second reflection at m, have their re- 
lations to each other and the radii 
exactly reversed. Hence, they c 
second time at h, and eme 
at q. Such a pencil, entering above the 
axis, will, on emerging, ascend and 
cross its own path, outside of the drop, the violet rays intersecting 
d e at an angle of 54° 9', the red at 50° 59', and the other colors 
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in order between. That the emei-gcnt pencil may desceful to the 
observer, the incident pencil must enter helow the axis, and come 
out above it. These rays, entering at the distance of 71° and 73° 
from the axis, are the only ones which, after two reflections, eraorge 
compact and parallel, and give a bright color at a great distance. 
All rays -which enter nearer the axis, and also those which entei- 
more remote, make, after two reflections, larger angles of devia- 
tion, and also diverge from each otlier. 

642. Axis of the Bows.— Let ABDGI {Fig. 343) repre- 
sent the path of the pencil of red light in the primary how. If 
A B and / ft are produced to meet in K, the angle K is the devi- 
ation, 43° 3', of the incident and emergent red rays. Suppose the 
spectator at I, and let a hne from the sun be drawn through his 
position to T; it is sensibly parallel to A B, and therefore the 
angles J and K are equal. As 2" is opposite to the sun, the red 

Fio, 843, Fig. 344. 




color is seen at the distance of 43° S', on the sky, from the point T; 
and so the angular distance of each color from T aiiiisls the angle 
which the ray of that color makes with the incident ray. In like 
manner, in the secondary bow, if / 2" (J'ig. 344) be drawn through 
the sun and the eye of tiie observer, it is parallel to A B, and the 
angular distance of the colored ray from T is equal to K, the devi- 
ation of the incident and emergent rays, J 2" is called the axis of 
the bowa, for a reason which is explained in the nest aa'ticle. 

643. Circular Form of the Bows— Let SOC (Fig. 345) 
be a straight line passing from the sun, through the observer's 
place at 0, to the opposite point of the sky ; and Jet V 0, R Ohn 
the extreme lays, which after one reflection bring colors to the eye 
at 0, and R' 0, Y'O, those which exhibit colors after two reflec- 
tions ; then (according to Arts. 640, 641), F C = 40° IT', ROQ 
= 43= 3', R' C= 50° 59', V'O C= 54° 9'. Now, if we sup- 
pose the whole system of lines, S V'O, 8 VO,to revolve about 
8 0,ss an axis, the relations of the rays to the drops, and to 
each other will not he at all clianged ; and the same colors will 
describe the same lines, whatever positions those lines may occupy 
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ill the reTolutiou. The emergent rays, therefore, all describe the 
siirfeces of conesj whose common vertex is in the eye at ; and 




tht cclora aa seen on the cluud, aie the ciicumfLicnces of their 
bises 

In u gi^en position of the observer the extent of the aiches 
depends on the elevation of the snn When on the horizon, the 
bows ire « micirtles , but less as the unn is higher, because then 
centie is depressed as mneh below the hoiizon as the sun is ele- 
vated above it. If rain is near, however, the lower parts of the 
bows may sometimes be seen projected on the landscape as arcs of 
ellipses, parabolas, or hyperbolas; for the surface of the earth ents 
the ajiis of the cones obliquely. From the top of a mountain, the 
bows have been seen as entire circles. 

644, Colors of the Two Bows in Revsrsecl Oirder. — 

The reason for the inversion of colors in the two bows may be 
seen in the fact that, in the primary bow, the rays which descend 
to the observer's eye, must emerge from the lower or inner quad- 
rant of the drop, and be bent upward {outward) from the radius 
produced; while, in the secondary, they mnst emerge from the 
upper or onter quadrant, and be bent from the radius doiomvard. 
The ray Y (Fig. 345), of tlie primary, being supposed a violet 
ray, is the most refrangible, and Uierefore all other rays from that 
drop fall below it, and fail to reach the eye. To bring other colors 
to 0, drops must be selected higher np; hence, violet is the color 
seen nearest the axis. In the secondary bow, if T" is the violet 
ray, the other colors, being bent in a less degree from the radius 
of the drop, lie above V ; and therefore, in order that other 
colors may reach 0, they mnst emerge from lower drops, i. e. 
drops nearer the axis. Hence, violet is the outer color of the sec- 
ondary bow. 

35 
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645. Rainbows, the Colored Borders of Illuminated 

Segments of the Sky. — The primary bow is to be regarded aa 
the outer edge of that part of the sky fi.-om which rays can come to 
the eye after suffering but om reflection in drops of rain ; and the 
secondary bow is the inner edge of that part from which light, 
after being twice reflected, can reach the eye. 

It is found by calculation, that in ease of one reflection, the 
incident and emergent rays can make no inclinations with each 
other greater than 43° 3' for red light, and 40° 17' for violet ; but 
the inclinations may be less in any degree down to 0'. There- 
fore, all light, once reflected, comes to the eye from within liie 
primary bow, 

Bnt the angles, 50° 59' and 54° 9', are, by calculation, the least 
deflations of red and yiolet light from the incident rays after two 
reflections. But the deviations , may be greater than these limits 
up to 180°. Therefore rays twice reflected can come to the eye 
from any part of the sliy,"except between the secondary bow and 
its centre. 

It appears, then, that from the zone lying between the two 
bows, no light, reflected by drops internally, either once or twice, 
can possibly reach the eye. Observation confirms these state- 
ments; when the bows are bright, the rain within the primary is 
more luminous than elsewhere ; and outside of the secondary bow, 
there is more illumination than between the two bows, where the 
cloud is perceptibly darkest, 

646. The Tertiary Bow. — A terUary bow, or a bow formed 
by liglit three times reflected in drops of rain, is on tlie same side 
of the sky with the sun, and distant aboirt 40° 40' from it. The 
incident rays, which form it, enter the drops about 77° from their 
axis, and emerge on the back side. But this order of bow is so 
very faint from repeated reflections, and so unfavorably situated, 
that it is very rarely seen, 

647. The Common Halo. — This, as usually seen, is a whita 
or colored circle of about 33° radius, formed around tlie sun or 
moon. It might, without impropriety, be termed the frost-bow, 
since it is known to be formed by light refracted by crystals of ice 
suspended in the air. It is formed when the sun or moon shines 
through an atmosphere somewhat haiiy. About the sun it is a 
white ring, with its inner edge red, and somewhat sharply defined, 
while its outer edge is colorless, and gradually shades off into the 
hght of the sky. Around the moon it differs only in showing li(> 
tie or no color on the inner edge. 

64B. How Caused. — The phenomenon is produced by light 
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passing through ci-ystals of ice, having sides inclined to each other 
at an angle of 60". Let the eye be at E (l''ig. 346), and the enu in 
the direction E S. Let S A, S B, &c., be rays striking npon sueli 
crystals as may happen to lie in a poeitioD 
to refract the light toward S Eslssxi axis. ^'^- 34G. 

Each crystal tuma the ray from the re- 
firacting edge on entering ; and again, on 
leaving, it is bent stiU more, and the emer- 
gent pencil is decomposed. The eolor,which 
comes from each one to the eye U, depends 
on its angular distance from B S, and 
the position of its refracting angle. The 
angle of deviation for .i isE A D=SE A; 
for B, it is yS .E B, and so on. It is foimd 
by calculation, that the least deviation for 
red light is 31° 45' ; the least for orange 
must be a little greater, because it is a lit- 
tle more refi-angible, and so on for the 
colors in order. The greatest deviation 
for the rays generally is about 43° 13'. All 
light, therefore, which can be transmitted 
by such crystals must come to the observer &om points some- 
where between these two hmita, 31° 45' and 43° 13' &om the sun. 
But by far the greater part of it, as ascertained by calculation, 
passes through near the least limit. 

649. Its Circular Form. — What takes place on one side of 
E Smuj occur on every side; or, in other words, we may suppose 
the figui-e revolved about .E 5 as an asis, and then the transmitted 
light will apijear in a ring about the sun S. The inner edge of 
the ring la red, since that color deviates least; just outside of the 
red the orange mingles with it; beyond that ai'e the red, orange, 
and yellow combined ; and so on, till, at the minimum angle for 
violet, all the colors will exist (though not in equal proportions), 
and the violet will be scarcely distinguishable from white. Beyond 
this narrow colored band the halo is white, growing more and 
more faint, so that its outer limit is not discernible at alL 

650. The Halo, a Bright Border of an Illuminated Zone. 

— As in the rainbow, so in the halo, the visible band of colors is 
only the border of a large illuminated space on the sky. The 
ordinary halo, therefore, is the bright inner border of a zone, which 
is more than 20° wide. The whole zone, except the inner edge, is 
too faint to be generally noticed, though it is perceptibly more 
luminous than the space between the halo and the luminary. 
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651. Frequency of the Halo.— The halo is less brilliant 
and beautiful, but far more froquent, than the rainbow. Scarcely 
a week passes during the whole year in which the phenomenon 
does not occur. In Bummer the crystals are thi-ee or four miles 
high, above the limit of perpetual frost As the rainbow is some- 
times seen in dew-drops on the ground, so the frost-bow, just after 
sunrise, has been noticed in the crystals which fi'inge the grass. 

652. The Mock Sun. — Tlie mock sun, or snn-dog, is a 
short arc of the halo, occasionally seen at 23° distance, on the 
right and left of the sun, when near the horizon. The crystals, 
wliich are concerned in producing the mock sun, are supposed to 
have the form of spiculw, or six-sided needles, whose alternate sides 
are inclined to each other at an angle of 60° ; these, if suspended 
in the air in a vertical position, could refi-act the light only in 
dii'ections nearly horizontal, and therefore present only the right 
and left sides of the halo. 

In high latitudes, other and complex forms of halo are fre- 
quent, depending for their formation on the prevalence of ciystals 
of other angles than 60°. [See Appendix for calculations of the 
angular radius of rainbows and halo.] 



CHAPTER VI. 



653. Natural Colors of Bodies.— The colors which bodiea 
exhibit, when seen in ordinary white light, are owing to the feet 
that they decompose light by absorbing or transmitting some 
colors and reflecting the others. We say that a body has a certain 
color, whereas it on\j reflects that color; a flower is called red, 
because it reflects only or principally red light; another yellow, 
because it reflects yellow light, &e. A white surface is one which 
reflects all colore in their due proportion ; and such a surface, 
placed in the spectrum, assumes each color perfectly, since it is 
capable of reflecting all. A substance which reflects no light, or 
hut very little, is black. What peculiarity of constitution that is 
which causes a substance to reflect a certain color, and to absorb 
others, is unknown. 

Veiy few objects have a colorwhich exactly corresponds to any 
color of the spectrum. This is found to result from the fact that 
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most bodies, while they reflect some One color chiefly,' reflect the 
others in some degree. A red flower reflects the red ligiit abun- 
dantly, and perhaps some rays of all the other colors with the red. 
Hence there may be as many shades of red as there can be diffei-- 
ent proportions of other colors intermingled with it. The same 
is true of each color of the spectrum. Thus there is an infinite 
variety of tints in natural objects. These facts are readily estab- 
lished by using the prism to decompose the light which bodies 
reflect. 

654. lufleotion, or Diffraction of Light — This plienome- 
non consists of delicate colored fringes bordering the edges of shad- 
ows, when the light comes from a laminoiis point or line. 

For the purpose of experiments on this subject, a beam of light 
is admitted into a dark room, through a very small aperture, as a 
pin-hole made in sheet-lead ; or, wliat is better, a convex lens is 
plfloed in the window-shutter, which brings the rays to a focus, 
and affords a divergent pencil of hght. If we introduce into this 
pencil any opaque body, as s, linife-blade, for example, and observe 
the shadow which it casta on a white screen, we shall observe on 
both sides of the shadow fringes of colored light, the diflerent col- 
ors succeeding each other in the order of the spectrnm, from violet 
to red. Three or four series can nsually be discerned, the one 
nearest to the shadow being the most complete and distinct, and 
the remoter ones having fewer and fainter colors. The phenome- 
non is independent of the density or thiclcness of tlie body which 
casts tlie shadow. Tlie hght, in passing by the edge or back of a 
knife, by a block of marble or a bubble of air in glass, is in each 
case affected in the same way. But if the body is very narrow, as, 
for example, a fine wire, a modification arises from the light which 
passes the opposite side ; for now fringes appear toithin the shadow, 
and at a certain distance of the sci-een the central line of the 
shadow is the most luminous part of it. 

655. Breadth of Fringe varies ■with the Color. — If, in 
the foregoing experiments, wo use liglit of one color alone instead 
of white light, then the fringes are only of that color, separated 
from each other by lines which are comparatively dark; and, on 
measuring the breadths and distances of fringes of different colors, 
those of red light are found to be widest, tliose of violet narrowest, 
and tlie other colors have breadths according to their oi-der. This 
explains why, in the case of white hght, the several colors appear 
in a series, with the red outermost; for each element of the white 
light forms its own system of fringes, but the systems do not coin- 
cide — the wider ones project beyond the narrower, and thus be- 
come separately visible. 
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If tlio sei'oen is moved further from the hody, the distance of a 
given color from the edge of the shadow hecomes gi-eater, hut not 
in proportion to tire distance of the screen from the hody ; -which 
proves that tlie color la not propagated in a straight line, but in a 
euiTe. These curves are found to be liyperiolas, having their con- 
cavity on the side next the shadow, and are in fact a species of 



656. Light through Small Apertures. — The phenomena of 
inflection are exhibited in a more interesting manner when we 
view with a magnifying glass a pencil of light after it has passed 
through a small aperture. For instance, in the cone already de- 
scribed as radiating from the focus of a lens in a dark room, let a 
plate of lead be interposed, having a pin-hole pierced through it, 
and let the slender pencil of light which passes through the pin- 
hole fall on the magniflei". The aperture will be seen as a lumi- 
nous circle surrounded by several rings, each consisting of a plas- 
matic series. These are, in truth, the fringes formed by the edge 
of the circular puncture, but they ai-e modified by the circum- 
stance that tlie opposite edges are so near to each other. If, now, 
the plate he removed, and another intei'posed having ttoo pin-holes, 
■within one-eighth of an inch of each other, besides tlie eoloi'ed 
rings round each, there is tlie additional phenomenon of long lines 
crossing the space between the apertures; the lines are neai'ly 
straight, and alternately luminous and dart, and vai-ying in color, 
according to their distance from the central one. These lines are 
wholly due to the overlapping of two pencils of light, for on cov- 
ering one of tlie apertures they entirely disappear. By combining 
circular apertures and nan'ow slits in various patterns in the screen 
of lead, very brilliant and beautifal effects are produced. 

657. Why Inflection is not always noticed in looking 

by the Edges of Bodies.— It must be understood that light is 
always inflected -whcti it passes by the edges of bodies ; but that it 
is rarely observed, because, as light comes from various sources at 
once, the colors of each pencil are overlapped and reduced to 
whiteness by those of all the others. By using care to admit into 
the eye only isolated pencils of light, some cases of inflection may 
be observed which require no apparatus. If a person standing at 
some distance from a window holds close to his eye a book or 
other object having a straight edge, and passes it along so as to 
come into apparent coincidence with the sash-bars of the window, 
he will notice, when the edge of the book and the bar are very 
nearly in a range, that the latter is bordered mth colors, the violet 
estremity of the spectrum being on the side of tlie bar nearest to 
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the book, and the red extremity on the other side. Again, the 
effect produced when hght passes through a narroif aperture may- 
he seen by looking at a distant lamp through the space between 
the bars of a pocket-rule, or between any t\Fo straight edges 
brought, ^almost into contact. On each side of the lamp are seen 
sevei-al images of it, growing fainter with increased distance, and 
finely colored. An experiment still more interesting is to look at 
a distant lamp through the net-work of a bird's feather. There 
are several series of colored images, having a fixed arrangement in 
relation to the disposition of the minute apertures in the feather; 
for the system of images revolves just as the feather itself is 
revolved. 

658. Stnated Siirfeices.— If the surface of any substance is 
ruled with fine pai-allel grooves, 2000 or more to the inch, it will 
reflect bright colors when placed in the sunbeam. Mother-of- 
pearl and many kinds of sea-shell exhibit colors on account of 
delicate strise on their surface. These are the edges of thin lam- 
inte which compose the shell, and which crop out on the surface 
in fine and nearly parallel lines. It may be known that the color 
arises from such a cause, if, when the substance is impressed on 
fine cement, its colors ai-e communicated to the cement Indeed, 
it was in this way that Dr. Wollaston accidentally discovered the 
true cause of such colors. The changeable hoes in the plumage 
of some birds, and the wings of some insecte, are owing to a 
striated structure of their surfaces. But the metals can he made 
to furnish the most brilliMit spectra, by stamping them with steel 
dies, which have been first ruled by a diamond with lines ft-om 
3000 to 10,000 per inch, and then hardened. Gilt buttons and 
other articles for dress are sometimes prepared in this manner, 
and are called iris ornaments. The color in a given case depends 
on the distance between the grooves, and the obliquity of the beam 
of light. Hence, the same surface, uniformly striated, may reflect 
all the colors, and every color many times, by a mere change in its 
inclination to the beam of light. 

659. Thin Laminse. — Any transparent substance, when re- 
duced, in thickness to a few millionths of an inch, reflects brilliant 
colors, which vary with every change of thn-kness Examples are 
seen in the thin laminre of air occupying cracks m glass and ice, 
and the interstices between plates of mici also m thin films of oil 
on water, and alcohol on glasu but most lemarkably in soapy 
water blown into very thin bubbles 

If a lens of slight convexity i'^ laid n a plane lens, and the 
two are pressed together by a screw and viewed by i fleeted light, 



:yGoogle 



rings of color are seen an-anged around the ptmt of contiff- Tlie 
rings of least diameter ai'e bioadest ind most biiliimt and each 
one contains the colors of the Bpcctrum m their oidei fioni violet 
on the inner edge to red' on the outei But the laager rings not 
only become nan'ower and piler but eontaui tewer loiors yet the 
succession is always in the same order as above. Increaeed pres- 
sure causes tlie rings to dilate, while new ones start up at the 
centre, and enlarge also, until the centre becomes black, after 
which no new rings are formed. These are commonly called 
Newton's rings, because Sir Isaac Newton first inveBtigat^d their 
phenomena. 

660. Ratio of Thicknesses for Successive Rings. — A 

given color appears in a circle around the point of contact, be- 
cause equal thicknesses are thus arranged. If the diameters of 
the successive rings of any one color be carefully meaanred, their 
squares are fonnd to be as the odd numbers, 1, ^,5,1; and hence 
the thicknesses of the laminae of air at the i-epeiitions of the same 
color are ,as the same numbers. Per, let Fig. 347 represent a sec- 
tion of the spherical and plane 

surfiices in contact at a. Let ^^'^- ^^'^• 

ai, adf'bQ the radii of two 
rings at their brightest points. 
Suppose a i, perpendienlar to 
m n, to be produced till it 
meets the opposite point ( ' 
the circle of which ag is an arc, and call that point/; then af is 
the diameter of the sphere of which the lens is a segment. Let 
6 e, dg, be parallel to a i, and ek, gi,iQ m n, fien we have 
{elir:{giY::ahxhf:aixif. 
Bat the distances between the two lenses being exceedingly 
small in comparison with the diameter of the sphere, lif and if 
may be taken as equal to af, whence, hy substitution, 

(eA)' : {gif : .ah x af: ai k af::ah'.ai-:bB:dg. 
Therefore the thietaesses of successive rings are as the odd 
numbers. 

661. Thickness of Laminae for Newton's Rings. — The 
absolute thickness, be,dg, &c., can also be obtained, a/ being 
known, since 

af • ae:: ae: ah or he; 
for in so short ares the chord may be considered equal to the sine, 
that is, the radius of the ring. When air is' between the lenses, 
all the rings range between the thickness of Jialf a millionih of an 
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inch and 73 miUionths j if water is used, the limits are ^ of a mi':- 
lionth and 58 milliontlis. Below the smaller limit the mediu: ■ 
appears black, or no color is reflected ; above the highest limf ' 
the medium appears white, all colors being reflected together. 
"When water ia substituted for aii-, all the rings contract in diam- 
eter, indicating that a particular order of color requires less thick- 
ness of water than of air ; the thicknesses for different media are 
found to be in, the inrerse ratio of the indices of refraction. 

652. Relation of Rings by Reflection and by Transmis- 
sion. — If the eye is placed beyond the lenses, the transmitted light 
also is seen to be arranged in very faint rings, the brightest por- 
tions being at the same thicknesses as the darkest ones by reflec- 
tion ; and these thicknesses are as the even numbers, %, 4, 6, &o. 
The centre, when black by reflection, is white by transmission, 
and where red appears on, one side, blue is seen on the other; 
and, m like manner, each color by reflection answers to its comple- 
mmtary color by transmission. 

663. Newton's Rings by a Monochromatic Lamp. — The 

number of reflected rings seen in common light is not usually 
greater than fromjfiie to teii. The niimber is thus small, because 
as the outer rings grow narrower by a more rapid separation of 
the surfaces, the dififerent colors overlap each otlier, and produce 
whiteness. But if a light of only one color falls on the lenses, the 
number may be multiplied to several hundreds ; the rings are 
alternately of that color and black, growing more and more nar- 
row at greater distances, till they can be traced only by a micro- 
scope. A good light for such a purpose is the flame of an alcohol 
lamp, whose wick has been soaked in strong brine, and dried. 



CHAPTER VII. 

DOUBLE REFRACTIOS AMD POLARIZATION. 

664. Double Refractioa. — There are many transparent sub- 
stances, particularly those of a crystalline structure, which, instead 
of refracting a beam of light in the ordinary mode, divide it into 
two leams. This effect is caUed double refraotion, and substances 
which produce it are called doubly-refracting substances. 

This phenomenon was first observed in a crystal of carbonate 
of lime, denominated Iceland spar. It is bounded by sis rhom- 
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boidal faces, ■whose inclinations to each other are either 105° 5', or 
74° 55'. There are two opposite solid angles, A and X (Pig. 348), 
each of which is formed by the meeting of three 
obtuse plane angles ; and when the edges of tlie ^^'^- ^^■ 
crystal are equal, the diagonal A X in equally 
inclined to the edges which it meets, as A B, 
A 0, and AD; A X is called the axis of the 
crystal. But every other line in tlie crystal par- 
allel to jl X is also an axis, because the crystal 
may be conceived to be divided into any number 
of similar crystals, each having its own axis ; the axis is therefore 
a direction rather than a line. If a thick crystal of spar be laid on 
a line of writing, it appears as tim lines, one of which seems not 
only thrown aside from the other, but brought a little nearer to 
the eye. Therefore every ray of light, in passing through, is di- 
vided into two rays, which come to the eye in differejit directions. 
The double refraction may also he seen by letting a very slender 
sunbeam, R r (Pig. 349), fall on the crystal ; as it enters it takea 
two directions, r 0, and r E, which on passing 
oat describe the lines 0', E'E', parallel to 
the incident beam, R r. One of these rays, 
0', is called the ordinary ray, because it ia 
always refracted accoi-ding to the oi-dinaiy law 
of refraction (Art. 606) ; that is, it remains in 
the plane of incidence, and the sines of inci- 
dence and refraction have a constant ratio to 
each other at all inclinations. The other, EE', 
is called the extraordinary ray, becaiise in some 
positions it departs from this law of refraction 
in one or both particulars. 

The property of double refraction belongs to a large num- 
ber of crystals, and also to some animal substances, as hair, 
quills, &o. ; and it may be produced artificially in glass by heat or 
pressure. 

665. Optical Relations of the Axis.— Tiie axis of Iceland 
spar has been defined with reference to foim ; but it is also the 
axis with respect to its optical relations, for in the direction of 
that line a ray is never doubly refracted, while it is doubly re- 
fracted in all other directions. 

Every plane which includes the axis of a crystal is called a 
principal section. In every principal section the extraordinaiy 
ray conforms to one part of the law of i-efi-action, but not to the 
other ; it remains in the plane of incidence, but does not preserve 
a consent ratio of sines at different inclinations. 
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In a plane at right angles to tlie azis, the extraordinary ray 
conforms to both parts of the law ; but in all planes besides this 
and the principal sections, it confonns to neither part. 

Crystals of a positive axis, are those in which the extraordinary 
ray has a larger index of refi'action than the ordinary ray ; crys- 
tals of a negative axis are those in which the index of the extraor- 
dinary ray is less than that of the ordinary ray, Iceland spar is a 
ciystal of negative axis. 

Some crystals have two axes of double refraction; that is, 
there are two directions in which light may be transmitted with- 
out being doubly refraoted. . A few crystals have more than two 



666. Polarization of Light. — This name is given to a 
change which may he produced in light, such that it has different 
properties on different sides. Common light, as, for instance, a di- 
rect sunbeam, has the same relation to space on all sides. If it 
falls on a piece of glass at a given angle, it will suffer reflection 
equally well in every plane, as we tarn the glass ronnd, and so of 
refraction, or any change we may attempt But if a beam wece 
so changed in its character that it could he reflected upward, but 
could not be reflected to the right, it would be called, not common, 
hut polarized hght. 

667. Polarization by Reflection.— Let two tubes, M N and 
iVP (Fig. 350), be litted together in such a manner that one can 




be revolved upon Gie other; and to the end of each let there be 
attached a plate of dark-colored glass, A and 0, capable of reflect- 
ing only from the first surfece. These plates are hinged so as to 
be adjusted at any angle with the axis of the tube. Let the plane 
of each glass incline to the axis of the tube at an angle of 33°, 
and let the beam EA make an incidence of 5T, the complement 
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of 33°, on A ; then it will, after reflection, pass along tlie axis of 
the tube, and make the same angle of incidence on C. If now 
the tube NF be reTolved, the second reflected ray wili vary its 
intensity, according to the angle between the two planes of inci- 
dence on A and 0. The beam J C is polarized light ; the glass 
A, "which has produced the polarization, is called the polarizing 
plate ; the glass G, which shows, by the effecte of its revolution, 
that 4 C IS polarized, is tlie analyzing plate;- and the whole in- 
strument, constracted as here represented, or in any otlmr manner 
for the same purpose, is called a polariscope. 

668. Changes of Intensity Described. — The dianges in 
the ray GE are as follows : "When the tube NP is placed so that 
the plane of incidence on C is coincident with tlie former plane 
of incidence, RA C, whether C^ is reflected forwai-d or back- 
ward in that plane, the intensity at E will be the same a&ii A 
had been a beam of common light. If N P is revolved, E will 
begin to grow fainter, and reach its minimum of intensity when 
the planes RAG and ^ CS are at right angles, which is the 
position indicated in the figure. Continuing tlie revolution, we 
find the intensity increasing through the second quadrant of rev- 
olution, and reaching its maximum, when the two planes of inci- 
dence again coincide, 180° from the first position. The nest half 
revolution repeats tliese changes in the same order. 

669. The Polarizing Angle. — The angle of 57° is called the 
polarizing angle for glass, not because glass will not polarize at 
other angles of incidence, but becaiise at all other angles it po- 
larizes the light in a less degree ; and this is indicated by the fact 
that, in revolving the analyzing plate, there is less change of in- 
tensity, and tlie hght at E does not become so faint. Different 
substances have different polaiizing angles, and these are found to 
be so connected with tlie degree of refractive power, that by a 
knowledge of the index of refraction for any substance, its polar- 
izing angle can be calculated, and mco versa. Hence the refractive 
power of opaque bodies may be determined. No substance en- 
tirely polarizes the light incident upon it, even at the angle of 
polarization. Complete polarization of the ray A C would be 
indicated by the entire extinction of GE, at two opposite points 
of lis revolution. On the other hand, eveiy substance polarizes, 
in some degree, the light which it reflects. The polarization pro- 
duced by reflection from the metals is very slight. 

670. Polarization by a Bundle of Plates. — Light may 
also be polarized by transmission through a bundle of laminm of 
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a ti-aneparent substance, at an angle of incidence eqnal to its po- ■ 
larizing angle. Let a pile of twenty or thirty plates of transpa- 
rent glass, no matter how thin, he placed in the same position as 
the reflector A, in Fig. 350, and a beam of light he transmitted 
tliiongh them in a direction toward C. In entering and leaving 
the bundle A, sitnated as in the figure, the angles of incidence 
and refraction are in a horizonbil plane. When G is reyolved, the 
beam undergoes the same changes as before, with this difference, 
that the places of greatest and least intensity will be reversed. If 
the light is reflected from in the same plane in which it was re- 
fracted by A, its intensity is least, and it is greatest when reflected 
in a pla,ue at right angles to it, as at U in the figure. 

671. Polarization by Crystals. — The third and most per- 
fect method of poiai'izing light, is by transmission iltrough certain 
crystals. Some crystals polarize tlie transmitted light hy aisorp- 
tioti; and ^ery doubly-refracting crystal polarizes both the ordi- 
nary and the extraoi'dinary ray. K a thin plate be cut from a 
crystal of tounnaline, by planes parallel to its axis, the beam 
transmitted through it is polarized, and, when received on 'the 
analyzing plate, will alternately become bright and faint, as the 
tube of the analyzer is rcTolyed. And if a beam is passed throngh 
a douhly-refraoting crystal, and the two parts fall on the analyzing 
plate, they will come to their points of greatest and least bright- 
ness at alternate quadrants ; indeed, when one ray is brightest, 
the other is entirely extinguished. Therefore the two rays which 
emerge from a doubly-refracting crystal are polarized comjjletely, 
and in planes at right angles with each other. 

672. Every Polarizer an Analyzer. — "U'e have seen that 
light is polarized by reflection from glass at an incidence of 5T, 
and analyzed by another plate at the same angle of incidence. 
This is but an instance of what is always true, that every method 
of polarizing light may he used to analyze, i. e.,'to test its polar- 
ization. Hence, a bundle of thin plates of gkss may take the 
place of the analyzer G, as well as of the polarizer A. For, on 
turning it round, though the transmitted beam remains in the 
same place, yet it will, at the alternate quadrants, brighten to its 
maximum and fade to its minimum of intensity. 

So, again, if light has passed through a tourmaline, and is 
received on a second whose evystaUine axis is pai'allel to that of 
the former, the ray will proceed throngh that also ; hut if the 
second is turned in its own plane, the transmitted ray grows faint, 
and nearly disappears at the moment when the two axes are at 
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90° of inclination, and this alternation continues at each SO" of 
the whole revolution. 

Einally, place a donble-refraetor at each end of the polariscope, 
and let a beam pass through them and iall on a screen. The first 
ci^etal will polarize each ray, and the second will doubly re&'act 
and also analyze each, eshibitmg a very interesting aeries of 
changes. lu general, four rays will emerge from the second crys- 
tal, producing four luminous spots on the screen. But, on re- 
volving the tube, not only do the raya commence a revolution 
round each other, but two of them increase in brightness, and the 
other two at the same time diminish aa fast, till two alone are vis- 
ible, at their greatest intensity. At the end of the second quad- 
rant, the spots before invisible are at their maximum of bright- 
ness, and the others are extinguished. This alternation continues 
as long as the crystal is revolved. In the middle of each (quadrant 
the four are of equal brightness. 

673. Color by Polarized Light. — The phenomena of color 
produced by polarized light are beautiful, and of great interest. 

Let a very thin plate of some doubly-refracting crystal be 
placed perpendiculai-!y across the axis of the polariscope (Fig. 351), 
and let the analyzed ray, GB, fall on a screen. "When the princi- 
pal section of the crystal, D H, 
coincides with the first plane ^i«- ^■'>l- 

of reflection, RAC,or is per- ~ ' 

pendicnlar to it, all the phe- 
nomena are the same as if no 
crystal was interposed. But 
let the film be revolved in its 
own plane till D fl" makes 45° 
with the plane RAC; then, 

instead of the dark spot at E, a brilliant color appears. That 
color may be any tint of the spectrum, according to the thickness 
of the interposed film. If now the revolution of the crystal is 
continued, the color fades out at the end of the next 45°, reap- 
pears at 90°, and bo on. But if the crystal be so placed as to give 
color, and the analyzing plate be revolved, a different series pre- 
sents itself. The color observed at E, during the first 45°, grad- 
ually fedes, and during the nest 45° its complemmit appears and 
brightens to its maximum. The original color is restored at 180°, 
and the complementary color at 270°. 

The most mterestmg foi-m of this experiment is seen when the 
light is polarized and analyzed by means of double-refractors; 
since the polarization is more perfect, and the two pairs of oppo- 
sitely polarized rays ai-e on the screen at once. When two of the 
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images are of a certain color, the other two hare the complemen- 
tary color. 

674. Systems of Colored Rings. — Systems of irised bands 
and rings may aiso he prodnc«d hy the polariscope. Let a plate 
he cut from a donhly-refracting crystal of one axis by planes per- 
pendicular to that axis; and plaee it between the polarizer and 
analyser. If now a pencil of suf&cient divergency is transmitted, 
a system of colored circles will be fonned, resembling Newton's 
i-ings between lenses. If a polariscope is formed of two tourma- 
lines, and the crystal laid between them, and the whole combina- 
tion, less than half an inch tbiet, is brought close to the eye, the 
pencil of light will consist of rays of varions obliquity, and the 
rings may be seen beautifully projected on the sky. Or the ring 
systems may be projected on a screen by a polariscope furnished 
with concentrating lenses. Pig. 353 presents the system ae seen 
through Iceland spar when the planes of reflection in the polari- 

Fi&. 353. Fig, 353. 





scope are at right angles. Two dark diameters cross the system 
and interrupt the rings. If the planes of reflection are coincident, 
the system is in every respect complementary to the other (Fig. 
353). The colors of the rings are all reversed, and the crossing 
bands are white. If double-refractors of two axes are used instead 
of the spar, compound systems are shown, of various forms and 
great beauty. 



CHAPTER VIII. 

NATURE OF LIGHT.— WAVE THEORY. 

675. The Wave Theory. — Light has sometimes been re^ 
gardcd as consisting of material particles emanating from luminous 
bodies. But this, called the corpuscular or emission theort/, has 
mostly yielded to the undulatory or wave tlieory, which supposes 
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ligbt to consist of vibrations in a medium. This medium, called 
the lutniniferous ether, is imagined to exist throughout all apace, 
and to be of such rarity as to pervade all other matter. It is sup- 
posed also to be elastic in a veiy high degree, so that undulations 
excited in it are transmitted with great velocity. If radiant heat 
consista of undulations of the same ether, they perhaps differ from 
those of light only in being slower. For it is a femiliar fact, that 
■when the heat of a body ia increased, a point is at length reached 
at which the body becomes luminous ; that is, the vibrations then 
affect the sense of sight as well as that of feeling. Moreover, the 
rays of heat are somewhat less refrangible than those of light (Art. 
635), from which it is inferred that its vibrations are slower. 

676. Postulates of the Wave Theory.— 

1, Tlie waves are propagated through the ether at the rate of 
1911,500 miles per second. 

As this is tlie known velocity of light, it must bo the rate at 
which the waves are transmitted. 

3. The atoms of the ether vibrate at right angles to the line of 
the ray in all possible directions. 

It was at first assumed that the luminous vibrations, like the 
vibrations of sound, are longitudinal, that is, back and foi-th in the 
line of the ray ; but the discoveries in polarization require that the 
vibrations of light should be assumed to be transverse, that is, in 
a plane perpendicular to the line of the ray; and, moreover, that 
in that plane the vibrations are in every possible direction within 
an inconceivably short space of time. Thus, if a person is looking 
at a star in the zenith, we must consider each atom of the ether 
between the star and his eye as vibrating across the vertical in all 
horizontal directions, north and south, east and west, and in innu- 



3. Different colors are caused by different rates of vibration. 
Red is caused by the slowest vibrations, and molet by the 

quickest, and other colors by intermediate rates. White light is to 
the eye what harmony is to the ear, the resultant effect of several 
rates of vibration combined. There are slower vibrations of the 
ether than those of red light, and quicker ones than those of violet 
light, bat they are not adapted to affect the vision. The former 
affect the sense of feeling as heai, tlie latter -produce chemical 
effects, and are called actinic rays. 

4. The ether within bodies is less elastic titan in free space. 

This is inferred fram the fact that light moves with less veloc- 
ity in passing through bodies than in free space ; the greater the 
I'efractive power of a body, the slower does light move within it. 
And in some bodies of crystalline structure, it happens that the 
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Telocity is different in different directions, so tliat the elasticity of 
the ether mthin them must be regarded aa varying with the 
direction. 

677. Reflection and RefVaction on the Wave Theory.— 
When the "waves of light reach the surfa,ce of a new medium, the 
ether within it being generally in a different state of elastieity, a 
system of waves will be propagated backward in tlie former me- 
dium, and another onwai"d in the new medium. The I'eflected 
system will make tlie same . angle with the perpendicular as the 
incident system, analogous to the reflection of waves of water and 
of sound. But the system which enters the medium will change 
its direction according to its velocity in the medinm ; and the 
velocity depends on the elasticity of the ether. In media of greater 
refractive power, the elasticity is considered io be less than in 
those of less refractive power ; and the waves are tliereforo propa- 
gated more slowly in the former than in the latter. Let A B,dD 
(Fig, 354), represent the parallel waves of a beam falling on M K, 
the surface of a denser medium. The ^_ ^^^ 

side of the wave which enters first at 
D, advances more slowly than the side 
still moviug in the i-arer medium. 
Suppose D to reach c, while d is going 
to C; then the wave, now wholly 
within the medium, lies in the posi- 
tion G c, and advances in aline per- 
pendienlar to C c, so long as it contiu- 
ues in the medium. Thus the light 
is refnicted toward the perpendicular 
G H, in entering a denser medium. In a simlkr manner, it is 
shown that ^FGc,m entering a rarer medium, is refracted from 
the perpendicular, since the side CtZ emerges first and then gains 
velocity over the side c D. 

678. Refraction on the Emission Theory,— It appears, 
therefore, that the wave theory requires us to suppose light to 
move more slowly in denser media. But, in the emission the- 
ory, it is necessary to suppose it to move more swiftly. For the 
bending of the path of a particle of light toward the pei-pen- 
dicular must" be attributed to the attraction exerted by the 
medium on the particle. Suppose, then, that a particle of light 
moves along B J (Fig. 3S5), and enters a denser medinm. Let 
the velocity, B A, be resolved into B E, E A; the latter will he 
i by the attraction of the medinm : the former will not be 
""ake A G — B E ov D A, and ^^ greater than A E; 
then"^ represents the direction and velocity of the ray after 
2G 
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entering the medium. But as A F is greater than 2? A, while 

A G = J)A, .: A Cis greater than B A. On tlie other hand, if a 

ray, OA, is entering a rarer medium, the 

attraction of the denser draws it backward, 

and renders the component A E less than 

FA; and hence the Telocity AB,va the 

rarer medium, ia less than GA, the Telocity 

in the denser. The two theories are thus in 

conflict on the question whether light gains 

or losBS velocity in entering a more refrae- 

tiTe medium. Several direct tests haTe heen 

applied in order to determine this ; and they 

all agree in proving tliat light moves more / 

slowly in substances which have greater reii-active power. 

679. Interference.— Many interesting phenomena are ex- 
plained on the principle of interference of waves. As two systems 
of watei'-^vavea may increase or diminish their height by being 
combined, and as sounds, when blended, may produce various 
results, and even destroy each other, so may two pencils of light 
either augment or diminish each other's brightness, and even pro- 
duce darlcness. 

Any one may try for himself the following experiment: Prick 
two very small holes, quite near each other, through paper, and 
holding the paper close to one eye, look through both holes at any 
small bright spot, such as occurs in a crack of glass when the sun 
shines upon it; then will the bright spot be seen striped across 
with parallel black lines, which will be further apart as the holes 
are closer together. The two pencils of light, through the two 
apertures, overlap on the retina of the eye, and cause hright and 
dark lines by interference. Where like phases meet, the lines are 
bright; where opposite phases meet, there is »o light, and the lines 
are black. 

But there are other forms of experiment by which the exact 
length of waTe for each color may be determined. 

680. Interference "by Thin Plates.— Let light of any one 
color, as yellow, fall on the lenses which exhibit Newton's rings. 
A system of waves is reflected from the first surfece of the thin 
stratum of air which lies between the lenses, and another system 
from the second, and these two come to the eye tegether. Sup- 
pose, at a given point, the thickness of air is such that the reflected 
waves of the second system meet those of the first, phase for phase, 
in exact concert ; at that point is seen a brighter yellow than if 
there was but one reflecting surface. But, at another point, the 
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thickness of the air may he such that the two systems disagi'ee by 
half a wave, bringing opposite phases together; in which ease all 
motion is destroyed, and the point is black. The foi-mer ia one 
point of a yellow circle, the latter of a bla«k circle, each around 
the point of contact It is obTions that at the smallest bright 
ring, the rejected wares {torn, the second Buiface must be just one 
■wave-length behind those from the first; at the second ring, #iuo 
waves behind, &.C.; and, in general, luminous circles appear where 
the two systems differ by an exact number of whole waves, and 
dark circles where they differ by half a wave, or any whole number 
and a half. The exact measurement of the thicknesses of air at 
any point {Art. 661), has led to the determination of the lengtli of 
waves of each color. 

681. Change of Color alters the Size of the Rings.— 
If orange or red light is used instead of yellow, the rings ai-e a lit- 
tle enlarged, being formed where the lamina of air is a little 
thicker, and therefore the waves for those colors are longer ; but 
if green, blue, indigo, and violet are each tried separately, the 
rings grow smaller in each case ; and it is infeiTed that the lengths 

■of waves are less in the same order, and in the ratio of the tliick- 
nesses. 

The reason becomes obvious why, in white light, the lings are 
few in number, and consist of a series of different colors, without 
any black circles between. As rings of different colors are of dif- 
ferent sizes when separate, so when all colors are used together 
they will be aiTanged side by side, and some wOl be likely to fall 
where the black circles between others would occur. Again, as all 
tlie rings grow narrower at greater distances, because the thickness 
of the lamina increases faster, they crowd upon and overlap eacli 
other, and produce white light. Hence, a full prismatic series 
occm'S only near the centre, and after five or ien repetitions, grow- 
ing less and less perfect, white light covers the whole surface. 

682. Interference by Two Mirrors.— If two plane reflec- 
tors, inclined at a very obtuse angle, receive light from a minute 
radiant, and reflect it to one spot on a screen, the reflected pencils 
wiU interfei-e, and produce bright and dark lines. Suppose light 
of one color, as violet, flows from a radiant point A (Fig. 35G) ; let 
mirrors S (7 and BD reflect it to the screen KL. ^and ^may 
be so selected that th.e my A F+ FG equals the vaj AE + S0. 
Then G will be luminous, because the two paths being equal, the 
same phase of wave in each ray will occur at the point 6. 'Bxit if 
fl' be so situated that Af+fS differs half a violet wave from 
Ae -^ eH, then H will be a dark point, because opposite phases 
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meet there. A eimiiar point, /, will lie on the other aide of (?. 
Again, there are two points, K and L, one on each eide of ff, to 
each of which tlie whole path of light hy one miri'or wiU exceed 




the whole hythe other hy jnst o«e ■V'iolet wave; those points are 
hright. Thus, there ie a series of bright and dai-k points on the 
screen; or rather a series of bright and dark hyperbolic lims, of 
which these points are sections. Other colors will give bands sep- 
arated a little fnrther, indicating longer waves. And white light, 
producing all these resiilts at once, will give a I'epetition of the 
prismatic series. 

633. Inteiference by Inflection. — One of' the forms of 
inSection is explained as follows: Through an opaque screen, A B 
(Fig. 357), let there he a very narrow aperture, o d, by which is 
admitted the beam of light, efg h, of some 
one color, and emaaating from a siugle point ^^' 

That pai-t of the aperture near d may be re- 
garded as a luminous centi-e, from which em- 
anate waves in all directions, and the same is 
tme of the other part of the aperture near c. 
Let i be a point on one side of the beam, so 
situated that the distances d i and c i shall 
differ by half a wave of the color employed ; 
then, as opposite phases meet there, i will be 
a dark point Let ,/ be a point still further 
removed from the beam, where c j — d j 
equals the length of a wave, then J will be 
luminous, since like phases meet in that 
point. This alternation will be repeated a few times till the lumi- 
nous points become crowded and feeble. If the aperture is made 
narrower, the intervals h i, i j, &&, will increase, as they obviously 
must, in order to preserve ci — di equal to a half wave, ^d Gj 
~dj equal to a wave. Violet light produces the narrowest lines, 
red the widest, and white light the prismatic series, for the same 
reason aa in Newton's rings. If A c, the left side of the screen, is 
entirely removed, so that light pa^es only one edge, d, the fringes 
win still exist, though somewhat modified. 
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684. Length and Number of Luminons Waves. — The 
other cases of inflection, aiid the phenomena of striaimi, as well 
BS the supernumerary rainbows, are fnlly accounted for on the 
principle of interference. The careful measurements which have 
been made in nearly all these instances, have led, by so many in- 



dependent methods, to the accurate determinati 
of a wave of each color. When the length of 
ia known, the number of vibrations per second 



ion of the length 

wave of any color 

readily obtained 



by dividing the velocity .of light by the length of tbe wave. The 



remai'kable results of these investigations ai-e gi 
ing table : 



;ven in the follow- 



a*». 


Lengtiofawe 
m decimttla of 


Numl>erofYibra1ioiiBper 


Extreme red, . . 

Red 

Orange, .... 
Yellow, .... 

Green, 

Blue, 

Indigo, .... 

Violet, 

Extreme violet, , . 


.00002 S6 
.0000256 

.0000240 
.0000227 

:ooooi96 
.0000185 
.0000174 


458,000 
477,000 
506,000 
535.000 
577,000 
622,000 
658,000 
699,000 
727,000 


000 


000 


E 


Mean, .... 


.0000225 


541,000,000,000,000 



685. Change of Vibrations in Polarized Light.— It has 

been stated (Art. 6'^Q) that the vibrations of 'the etlier, in tbe 
case of common light, must be supposed to be transverse in all 
directions. But, instead of this, we may conceive, what is me- 
chanically equiralent to it, that the vibrations are made in tieo 
transverse directions at right angles to each other. Thus, in the 
descent of light from a star in the zenith, we may suppose each, 
atom of the ether to vibrate in the two transverse lines, one north 
and south, and the other east and west ; because every motion 
oblique to these can be resolved into two components, one on 
each of these two. Or any other two lines, perpendicular to each 
other in the same plane, may be assumed as the directions of 
vibration. 

This being tbe nature of common light, it ia easy to state 
what is meant by polarized light It is that in which the vibra- 
tions are performed in only one of the transverse directions. I'or 
example, in the ray of star-light just supposed, if all the easterly 
and westerly vibrations, and all the easterly and westerly compo- 
nents of the obliqrre vibrations, were destroyed, then no motions 



:yGoogle 



406 LIGHT. 

would remain except in the north and south direction, and the 
light of that star would he polarized. It is, of course, inimateiiid 
what particular transverse motion is cat off, provided all the mo- 
tion at light angles to it ia retained. 

G86. Polarizing and Analyzing by Refleotion. — Wlicn 
light is reflected, those vibrations of the ray which ai'o in the 
plane of incidence are generally weakened m a greater or less de- 
gree, while those which are perpendieular to the same plane are 
not affected. How much the vibrations are weakened depends on 
the elasticity of the ether within the medium, and on the angle 
of incidence. But reflection of light rarely if ever takes place 
without diminishing the amplitude of those vibrations which are 
in the plane of incidence ; so that a reflected ray is always polar- 
ized, at least, in a slight degree. 

It will now be readily understood how the analyzing plate 
(Fig. 350) proves the hght to be polarized. Suppose the reflectors 
A and are so perfect polarizers tliat vibration in the plane of 
incidence is ew/ire??/ destroyed. Along RA the particles of ether 
vibrate across it both horizontally and vertically ; and as the plane 
of incidence iJ ^ C is horizontal, tbe atoms along A C wiU 
vibrate only vertically, because the horizontal vibrations, being 
in the plane of incidence, are destroyed. Now let be placed so 
as to reflect horizontally ; the light will not be weakened by thia 
reflection, because there are no Iioiizontal vibrations to be de- 
sti-oyed. But let C be turned so as to reflect vertically, for in- 
stance, upward; now there can be no reflection, since aU the 
vibrations left in J. Care in the vertical plane, which is the plane 
of incidence ; and they are destroyed. For the same reaiSon that 
reflection at A extinguished all horizontal motions in the atoms 
of ether, the reflection at C extinguishes all vertical motions; 
hence there is no motion beyond 0. 

687. Polarizing by Transmission through a Bundle of 
Platea — At each of the surfaces some reflection occurs, so that 
all vibrations in the plane of incidence at length disappear from 
the reflected ray, even though the laminse are not perfect polar- 
izers ; while all vibrations pei-pendicular to this plane are pre- 
served. Hence the reverse must be true of the transmitted ray ; 
it will retain the vibrations, so far as they coincide with the plane 
of incidence, and lose them, so far as they are pei-pendicular to it. 
Thus the two sets of rectangular vibrations are separated from 
each other ; one exists in the reflected ray, the other in the trans- 
mitted ray. The two rays are therefore polarized in planes at 
right angles to each other. 
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688. Polarizing by Absorption, — A toiinnaline absorbs, or 
in some way extinguishes the Tibratioua, so far as they are pei'pen- 
dicular to ita cryafcalline axis, but leaves all motiou which is par- 
allel to its axis imimpaired. It is at once apparent why a second 
toarmaline analyzes ; for if its axis is parallel to that of the first, 
the same Tibrations which could pass the one, could pass the other 
also ; but if the two axes are at right angles, the same system of 
vibrations which conld pass the first, because parallel to ita axis, 
"will be absorbed by the second, because pui-pcndicular to its axia. 

689. Polarizing by Double Hefraction. — In donhly-re- 
ftacting ciyatala, the ether posaeases different degrees of elasticity 
in different directions ; hence, so fiir as vibrations lie in 07te plane, 
they may be more retarded m theu: piogresa, and in a plane at 
i-ight angles to that they may be less letirded, and the degree of 
refraction depends on the amount of retardation (Art. 677). 
Thus the two systems become separated, and emerge at different 
places. Each ray is of course poUiized, having vibrations in only 
one direction; and the tno plaiirb tf pohu-ization are at right 
angles to each other. 

690. Different Kinds of Polarization. — Since the diaeovery 
was made that the etherial atoms may by certain methods be 
thrown into circular movements, and by others into vibrations in 
an ellipse with the axis in a fixed direction, the polarization 
already described has been called plane polarization, since the 
atoms vibrate in a plane, droular polarization la that in which 
the atoms revolve m circles ; and elliptical polarimtion denotes a 
state of vibration in ellipses, whose major axes are confined to one 
plane. 



CHAPTER IX. 

VISION. 



691. Image by Light through an Aperture. — If light from 
an external object pass through a small opening of any shape in 
tlie wall of a dark room, it will form au iU-defined inverted image 
on the opposite wall. Imagine a minute square orifice, through 
which the light enters and f^lls on a screen several feet distant. 
A pencil of light, in the shape of a square pyramid, emanating from 
the highest point of t]ie object, passes through the aperture, and 
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forms a Inmiiious square near the bottom of the sci-een. From an 
adjacent point another peaeil, crossing the first at the apcrtui-c, 
forms another square, overlapping and nearly coinciding with the 
former. Thus eyery point of the object is represented by its 
square on the screen ; and as the pencils all cross at the aperture, 
the image formed is every way inverted. It is also indistinct, 
because the squares overlap, and the light of contiguous points is 
mingled together. If the orifice is smaller, the im^e is less lumi- 
nous, hut more distinct, because the pencils which form it overlap 
in a less degree. If the hole is circular, or triangular, or of irreg- 
nlar form, thei-e is no change in the appearance of the image, 
which is now composed of small circles, or triangles, or irregular' 
figures, whose shape is completely lost by overlapping. 

692. EfTect of a Convex Lens at the Aperture.— The 
image will become distinct, and more luminous also, if the aper- 
ture be enlarged to a diameter of two or three inches, and then 
covered by a convex lens of the proper curvature. The image will 
be distinct, because the rays from each point of the obiect are con- 
verged to a point again, and Imninous, in proportion as the lens 
has a larger area than the aperture before employed This is a 
real, and therefore an inverted image (Art. 018). A '.cwpfir Mil 
is a sphere containing a lens, and so fitted in a socket that it can 
be turned in any direction, and thus bring into the loom the im- 
ages of different parts of the landscape. The eamera obscut a i& a 
dai"kened room furnished with a scioptic ball and adjustable screen 
for producing distinct pictures of external objects. 

Instead of connecting the lens with the wall of a room, it is 
frequently attached to a portable box or case, within which the 
image is formed. The Dagu&rreotype, or photograph, is the image 
produced by the convex lens, and rendered permanent by the 
chemical action of light on a surface properly prepared. The lens 
for photographic purposes needs to be achromatic, and corrected, 
also, as far as possible, for spherical aben'ation. 

693. The Eye. — The eye is a camera obscura in miniature ; 
we find here the darkened room, the aperture, the convex lens, and 
the screen, with inverted images of external objects painted on it 
A horizontal section of the eye is represented in Fig. 358. 

The optical apparatus of the eye, and the spherical ease which 
incloses it, constitute what is called the eye-lall. The case itself, 
except about a sixth part of it in front, is a strong white substance, 
called, on account of its hardness, the sclerotic coat, S, S(Pig. 358), 
In the front, this opaque coat changes to a perfectly transparent 
covering, called the cornea) C, C, which is a little more convex than 
the sclerotic coat. The increased convexity of the cornea may bo 
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fdt by laying the finger gontly on the eye-Uil wlien closed, and 

ihen rolling the eye 

one way and the other. ^ 't 

The bony socket, 
which contains the 
eye, is of pyramidal 
form, its vertex being 
some distance behind 
the eye-ball; room is 
thus afforded for the 
mechanismn'hich gives 
it motion. This cav- 
ity, except the hemi- 
sphere in front occu- 
pied by the eye itself, 
is filled up with fatty 
matter and with the 
six muscles by which 
the eye-hall is revolved in all directions. 

694. The Interior of the Bye. — Behind the cornea is a 
fluid, A, called the aqueous humor. In the back part of this fluid 
lies the iris, I, I, an opaque membrane, having in, the centre of it 
a circular aperture, the pupil, through which the light enters. 
The iris is the colored part of the eye ; the back side of it is black. 
Directly back of the aqueona humor and iris, is a flexible double 
convex lens, L, called the crystalline lens, or crystaiUne humor, 
having the greatest convexity on the back side. The large space 
back of the crystalline is occupied by the vitreous humor, V, a 
semi-liqnid, of jelly-like consistency. Next to the vitreous humor 
succeed those inner coatings of the eye, which are most immedi- 
ately concerned in vision. First in order is the retina, R, R, on 
which the light paints the inverted pictures of external objects. 
The fibres of the optic nerve, which enter the ball at iV", are spread 
all over the retina, and convey the impressions produced there to 
the brain. Outside of the retina is the choroid coat, ch,ch, cov- 
ered with a black pigment, ■which serves to absorb all the light so 
soon as it has passed through the retina and left its impressions. 
The choroid is inclosed by the sclerotic already described. The 
nerve-fibres, which are spread over the interior of the retina, are 
gathered into a compaet bundle about one-tenth of an inch in 
diameter, which passes out through the three coatings at the hack 
part of the hall, about fifteen degrees from the axis, JT X, on the 
side toward the other eye. M, Jf represent two of the muscles, 
where they are'atteched to the eye-ball. 
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695. Vision. — Tlie indes: of refraction for the coriiea, and ilie 
aqueous and vitoous humors, is just about the same as that for 
water; for the crystalline lens, the index is a little greater. The 
light, therefore, which comes from without, is converged principally 
on entering the cornea, and this eonyergency is a little increased 
both on entering and leaving the ciystalline. If the convergency 
is just sufleient to bmg the rays of each pencil to a focus on the 
retina, then the images are perfectly foi-med, and there is distinct 
vision. To prevent the reflection of rays back and forth within 
the chamber of the eye, its walls are made perfectly black throitgh- 
out by a pigment which lines the choroid, the ciliary processes, 
and the back of the iris. Telescopes and other optical instru- 
ments are painted black in the interior for a similar purpose. 

The cornea is prevented from prodneing spherical aberration 
by the form of a prolate spheroid which is given to its surface, and 
the ciystalline, by a gradual increase of density from its edge to 
its centre. 

696. Adaptations.— By the prominence of the cornea i-ays 
of considerable obliquity ai-e converged into the pupil, so that the 
eye, without being turned, has a range of vision more or less per- 
fect, through an angle of about 150°. 

The qtiantity of light admitted into the eye is regulated by tlie 
size of the pnpil. The ii'is, composed of a system of circular and 
radial muscles, expands or contracts the pupil according to the 
intensity of the light. These changes are involuntary ; a person 
may see them in his own eyes by shading them, and again letting 
a strong light fall upon them, while he is before a mirror. 

The pnpils in the eyes of animals have different forms accord- 
ing to their hahita ; in the eyes of those which graze, the pupil is 
elongated horizontally, and in the eyes of beasts and birds of 
prey, it is elongated vertically. 

The eyes of animals are adapted, in respect to their refractive 
power, to the medium which surrounds thera. Animals which 
inhabit the water have eyes which refract much more than those 
of land animals. The human eye being fitted for seeing in air, is 
unfit for distinct vision in water, since its refractive power is 
nearly the same as that of water, and therefore a pencil of pai'allel 
rays trom watei entenng the eye would scarcely be converged at 
all. The cfiect is ilie e ime as if the cornea were deprived of all 
its convexity 

697. Accommodation to Diminished Distance.— It has 

been shown (Art. 618), that as an object approaches a lens, its 
image moves away, and the reverse. Therefore in the eye there 
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must be some change in order to prevent this, and keep the image 
distinct on the retina wiiile the object vaiies its distance. In a 
state of rest, the eye convei'ges to the retina only the pencils of 
parallel rays, that is, those which come from objects at great dis- 
tances, Bays from near objects diverge so much that, while the 
eye is at rest, it cannot sufficiently converge them so that they 
will meet on the retina ; bnt each conical pencil is cut off before 
reaching its focus, and all the points of the object are represented 
by overlapping circles, causing an indistinct image. The change 
in the eye, which fits it for seeing near objects distinctly, is called 
accommodation. This is effected by increasing the convesity of 
the ciystalline lens, principally the front surface. The dUary 
muscle, m, m, mixounds the crystalline, and is attached to tlje 
sclerotic coat just on the circle where it changes into the cornea. 
This muscle is connected with the edge of the crystalline by the 
circnlar ligament which snrronnds the latter and holds it in place. 
When the muscle contracts, it relaxes the ligament, and the crys- 
talline, by its own elastic force, begins to assume a raoi'e convex 
form, as represented by the dotted line. The eye is then accom- 
modated for the vision of objects more or less neai-, 
according to the degree of change in the lens. On ^"^^ *^^' 
the other hand^ when the ciliary muscle relaxes, the 
ligament again draws upon the lens to flatten it, and 
adapt it for the view of distant objects. In Fig. 359 
these ttvo conditions of the crystalline are more dis- 
tinctly shown. The dotted line exhibits the shape 
of the Ions when accommodated for seeing near ob- 
jects. Accompanying this action of the ciliary mus- 
cle is that of the iris, which diminishes the pupil for 
near objects, so as to exclude the outer and more divergent raya. 
The dotted Hues in front of the iris represent its situation when 
pushed forward by the crystalline accommodated for near objects, 

698. Long-Sjghtedness.— As life advances, the crystalline 
becomes harder and less elastic. It therefore assumes a less con- 
vex form when the ligament is relaxed, and cannot be accommo- 
dated to BO short distances as in earlier years ; and at length it 
remains so flattened in shape that only very distant objects can 
be seen distinctly. The eye is then said to be long-sighted, and 
requires a convex lens to be placed before it, to compensate for 
insuflicient convexity in the crystalline. 

There are, however, cases of long-sightedness in early life. 
Such instances are found to be the result of an oblate form of the 
eye-ball, as shown in Kg. 360 ; it is too short from front to back 
to furnish room for the convergency of the pencils, and they are 
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cut off by the retina before reaching their focal points. In order 
to bring the distinct image forward upon the retina, convex 
glasses are needed in such 
cases, just as for the eyes 
of most people when ad- 
vanced in life. As the term 
long-sightedness is now ap- 
plied to this abnormal con- 
dition of the eye, the effect of 
age upon the sight is more 
properly called old-sightcdness. 

699. Short -Sightedness.— The eyes of the short-sighted 
have a form the reverse of that just described ; the eye-ball is 
elongated from cornea to retina (Fig, 361), resembling a prolate 
spheroid, so that rays parallel, or nearly so, are converged to a 
point before reaching the retina, and after crossing, fall on it in a 
circle ; and the image, made 

up of overlapping circles in- ^^'^- *'''^' 

steid of points, is indistinct. 
If this elongation of the eye- 
ball is extreme, an object 
must be brought very near, 
in order that its image may 
move back to the retina, and 
distinct viaon be produced. 

This inconvenience is remedied by the use of concave lenses, 
which ioorease the divergency of the rays before they enter the 
eye, and thus throw their focal points fui'ther back. 

In the normal condition of the eyes in eaiiy life, the nearest 
limit of distinct vision is about five inches. This limit slowly 
increases with advance of life, but much more slowly in some 
cases than others, til] it is at an indefinitely great distance. The 
near limit of distinct vision for the short-sighted varies tcomfive 
down to two inches, according to the degree of elongation in the 
eye-ball. 

700. Why an Object is Been Erect and Sii^Ie.—Tlio 
image on the retina is inverted ; and that is the very reason why 
the object is seen erect ; the image is not the thing seen, bnt that 
hy means of loMch we see. The impression produced at any point 
on the retina is referred outward hi a straight line through a point 
near the centre of the lens, to something external as its cause ; 
and therefore that is jndged to be highest without us which makes 
its image lowest on the i-etina, and the reverse. 
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An object appears as one, though we see it by means of two 
images ; but this is only one of many instances in which we have 
learned by experience to refer two or more sensations to one thing 
as the cause. Proiided the images fall on pai-ts of the retina, 
which in our ordinary vision correspond with each other, then by 
experience we refer both impressions to one object ; but if we 
press one eye aside, the image fUls m a new place in relation to 
the other, and the object seems double, 

701. Indirect Vision.— The Blind Point.— To obtain a 
clear and satisfactory "view of an object, the axes of both eyes ai'e 
turned directly upon it, in which case each image is at the centre 
of the retina. But when the light from an object is exceedingly 
faint, it ia better seen by indirect vision, that is, by looking to a 
point a little on one side, and especially by changing the direction 
of the eyes from moment to moment, so that the image may fall 
in various places near the centre of the retina. Many heavenly 
bodies are plainly discerned by indirect vision, which are too faint 
to be seen by direct vision. 

In the description of the eye it was stated that the retina, as 
well as the choroid and the sclerotic, is perforated to allow the 
optic nei-ve to pass Uirough, At that place there is no vision, and 
it is called the iUnd point. In each eye it is situated about 15" 
from the centre of the retina toward the other eye. Let a person 
close his right eye, and with the left look at a small but conspicu- 
ous object and then slowly turn the eye away from it toward the 
right ; presently the object will entirely disappear, and as he looks 
still further to the right, it will after a moment reappear, and con- 
tinue in sight till the axis of the eye is tnrned 70° or 80° from it 
The same experiment may be tried with the right eye in the oppo- 
site direction. The reason why people do not generally notice the 
fact till it ia pointed out, is that an object cannot disappear to 
both eyes at once, nor to either eye alone, when directed to the 
object. 

702. Continuance of Impressions.— The impression which 
a visible object makes upon the retina continues about one-eighth 
or one-ninth of a second ; so that if the object is removed for 
that length of time, and then occupies its place again, the vision 
is uninterrupted. A coal of fire whirled round a centre at the 
rate of eight or nine times per second, appears in all parts of the 
circumference at once. When riding in the cars, one sometimes 
gets a faint but apparently an uninterrupted view of the landscape 
beyond a board fence, by means of successive glimpses seen 
through the cracks between the upright boai-ds. Two pictures, 
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on opposite sides of a disk, are broiiglit into -view together, as 
pai'ts of one and the same pictui-e, by whirling tlie disk rapidly 
on one of its diameters. Snch an instrnment is called a tJtauma- 
trope. 'i!\ie phaniaamascope is constructed on the same principle. 
Several pictures are painted in the sectors of a circular disk, rep- 
resenting the same object in a series of positiona. These are 
viewed in a muTor through holes in the disk, as it levolves quickly 
in its own plane. Each glimpse which is caught whenever a hole 
comes before the eye, presents the object in a new attitude ; and 
all these views are in such rapid succession that they appear like 
one object going through the series of movements, 

703. Accidental Colors. — There are impressions on tho 
retina of another kind, which are produced by intense lights; they 
continue longer, and are in respect to color unhke the objeeta 
which cause them. Tliey are commonly called accidmtai colors. 
If a pai"ticular part of the retina is for some time affected by tho 
image of a bright colored object, and then the eyes ai-e shot, or 
turned upon a white surface, iiie form, appears to remain, but the 
color is complementary to that of the object; and its continuance 
is for a few seconds or several minutes, according to the vividne^ 
of the impression. This is the cause of the grmn appearance of 
the sky between clouds of brilliant r&d in the morning or evening. 

704. Estimate of the Distance of Bodies.-^ 

1. If objects are near, we judge of relative distance by the in- 
clination of the optic axes to each other. The greater that incli- 
nation is, or, which is the same thing, the greater the change of 
direction in an object, as it is viewed by one eye and then by the 
other, the nearer it is. If objects are very near, we can with one 
eye alone judge of their distance by the degree of effort required to 
accommodate the eye to that distance. 

3. If objects are known, we estimate their distance by the visual 
angle which they fill, having by experience learned to associate 
together their distance and their apparent, that is, their angular 
size. 

3. Our judgment of distant objects is influenced hy their clear- 
ness or ohsQurity. Mountains, and other features of a landscape, 
if seen for the first time when the air is remarkably pure, are esti- 
mated by us nearer than they really are ; and the reverse, if the 
air is unusually hazy. 

4. Our estimate of distance is more correct when many objects 
intervene. Hence it is that we are able to place that part of the 
sky which is near the horizon further from us than that which is 
over our heads. The apparent sky is not a liemisphere, but a flat- 
tened semi-ellipsoid. 
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705. Magnitude and Distance Associated. — Our jndg- 
raents of distance and of magnitude are closely associated. If 
objects are known, we estimate their distance by their visual angle, 
as has been stated; but if unknown, we must first acquire our 
notion of their distance fey some other means, and then their visual 
angle gives us a definite impression as to their size. And if our 
judgment of distance is erroneous, a corresponding, eiTor attaches 
to our estimate of their magnitude. An insect crawling slowly 
on the window, if by mistake it is supposed to be some rods be- 
yond the window, will appear like a bird flying in the air. The 
moon near the horizon seems larger than above us, because we are 
able to locate it at a greater diEtanee. 

70S. Binocular Vision. — The Stereoscope. — If objects are 
placed quite near ue, we obtain simultaneously tvjo views, which 
are essentially different from each other — one ivith one eye, and 
one with the other. By the right eye more of the right side, and 
less of the left side, is seen, than by the left eye. Also, objects in 
the foreground fall further to the left compared with distamt ob- 
jects, when seen with the right eye than when seen with the left. 
And we associate with these combined views the foiTU and extent 
of a body, or group of todies, particularly in respect to distance of 
parte from us. It is, then, by means ojf vision with two eyes, or 
Unocular vision, that we ai-e enabled to get accurate perceptions 
of prominence or depression of surface, reckoned in the visual 
direction, A picture offers no such advantage, since ail its parts 
are on one eurfece, at a common distance from the eyes. Bat, if 
two perspective views of an object should be prepared, differing as 
tliose views do, which ai-e seen by tlie two eyes, and if the right 
eye could then see only the right-hand view, and the left eye only 
the left-hand view, and if, furthermore, these two views could be 
made to appear on one and the same ground, the vision would 
then' be the same as la obtained of the real object by both eyes. 
This is effected by the stereoscope. Two photographic views are 
taken, in directions which make a email angle with each other, and 
these views are seen at once by the two eyes respectively, through 
a pair of half-lenses, placed with their thin edges toward each 
other, so as to turn the visual pencils away from each other, as 
though they emanated from one object. An appearance of relief 
and reality is thus given to superficial pictures, precisely like that 
obtained from viewing the objects themselves. 
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CHAPTER X. 

OPTICAL INSTRUMENTS, 

707. The Camera Lucida.^Thig is a four-sitled priBm, so 
contrived as to form an appai-ent image at a surface on which that 
image may be copied, the surface and image being both visible at 
the same time. It lias the fonn represented by the section in Fig, 
363 ; -i ^ 90°, O - 135° ; B and A 

of aay convenient size, their sum of a. - 

coui-se = 135°. A pencil of light 1 1 

from the object M, frilling perpendic- j,'| , j 

ularly on A D, proceeds on, and , ' i 

makes, with D G, an angle eqiral to | i 

the complement of D, After suffei'- 

ing total reflection at G, ojid again at 

H, its direction HBia perpendicular 

to MF. For, produce MF and FS, 

till they intersect in /; then, since 

G= 135°, Ceff+ C//(?= 45°; but 

IGH=2CGJI, and I H G = 

%GHG; .: IGR+ JHG = %G°; ""■"" 

.; I — 90°. Tbei'efore HE emerges at right angles to AB, and is 

not refracted. Now, if the pupil of the eye be brought over the 

edge B, so that, while Sfl" enters, there may also enter a pencil 

fi-om the surface at M', tlien both the surface M' and the object 

M will be seen coinciding with each other, and the hand may 

therefore sketeh M on the surface at JT, The reason for two 

reflections of the light is, that the inversion produced by one 

reflection may be restored by the second. 

One of the most nseful applications of the camera lucida is in 
connection witli the compound mici-oscope, where it is employed 
in copying with exactness the forms of natural objects, too small 
to be at all visible to the naked eye. 

708. Tha Microscope. — This is an instniment for viewing 
minute objects. The nearer an object ia brought to the eye, the 
larger is the angle which it fills, and therefore the more perfect is 
the view, provided the rays of each pencil are converged to a point 
on the retina. But if the object is nearer than the limit of dis- 
tinct vision, the eye is nnable to produce suflicient convergency. 
If the letters of a book are brought close to the eye, they become 
blurred and wholly illegible. But let a pin-hole be pricked through 
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paper, and interposed between the eye and the letters, and, though 
faint, tliey are distinct and much enlarged. The distinctness is 
owing to the fact tliat the outer rays, which are most divergent, 
are excluded, and the eye is able to converge the few central rays 
of each pencil to a focus. The letters ap^iear magnified, because 
they are so near, and All a large angle. The microscope utilizes 
these excluded rays, and renders the image not only large and dis- 
tinct, hut luminous. 

709. The Single Microscope. — The single microscope is 
merely a convex lens. It aids the eye in converging the raya, 
which come from a very near object, so that a distinct and lumin- 
ous image may be formed on the retina. The lens may be re- 
garded as a part of the eye, and the diameter of an object is mag- 
in the ratio of the limit of distinct vision to the focal 
istance of the lens. Taking five inches as the limit of distinct 
ision, if the principal focal distance is one-fourth of an inch, then 
we may consider the object twenty times nearer the eye than in 
viewing it without a lens, and therefore magnified twenty times in 
diameter, or 400 times in area. Now glass lenses are made whose 
focal length is not more than -^ inch, and wh(«e magnifying 
power, therefore, is 5 : ^'g, = 350 in diameter, or 63,500 in ai'ea. 

Though the focal distance of a lens may be made as small as 
we please, yet a pi-actieal limit to the magnifying power is very 
soon reached. 

1, The field of view, that is, the extent of surface which can 
be seen at once, diminishes as the power is increased. 

3. Spherical aberration increases rapidly, because the outer 
rays are very divergent. Hence the necessity of diminishing the 
aperture of the lens, in order to exclude the most divergent rays. 

3. It is more difiicult to illuminate the object as the focal 
length of the lens becomes less; and this difficulty becomes a 
greater evil on account of the necessity of diminishing the aper- 
ture in order to reduce the spherical aberration. 

Magnifying glasses are single microscopes of low power, such 
as are used by watchmakers. Lenses of stiU lower power and 
several inches in diameter are used for \-iewing pictures. 

710. The Compound Microscope.— It is so called because 
it consists of two parts, an object-glass, by which a real and mag- 
nified image is formed, and an eye-glass, by whicli that image is 
again magnified. Its general principle may be explained by Pig. 
363, in which a 5 is the small object, c d the object-glass, and ef 
the eye-glass. Let a 5 be a little beyond the principal focus of c d, 
and then the image gh will he real, on the opposite side otcd, 
37 
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and larger than al. No'w appl\ c/ a^ a "mgk miaoscopt loi 

viewing ^ Aj as though it were an object of eom- 

paratively lai'ge size. Let ghhn at the pnnci- Fio 383 

pal focus of ef, so that the rays of each pene:! 

shall he parallel ; they mil, therefore, come to 

the eye at k, from an apparent image on the 

same side as the real one, g h ; and the extreme 

pencils, ei,/^, if produced haekwaid will m- 

elude the image between them, e hf being the 

angle which it fills. 

711. The Magnifying Power. — The mag- 
nifying power of the compound microscope is 
estimated by compounding two ratios ; first, the distance of the 
image from the object-glass, to the distance of the object from the 
same ; and secondly, the hmit of distinct Yision to the distance 
of the image from the eye-glass. For the image itself is enlarged 
in the first ratio (Art, 618) ; and the eye-glass enlai-ges that image 
in the second ratio (Art. 709). Tlie advantage of this form over 
the single microscope is not so much that a great magnifying 
power is obtained, as that a given magnifying power is accom- 
palsied by a larger field of view. 

712. Modem Improvements. — Great improvements have 
been made in tlie compound microscope, principally by combining 
lenses in such a manner as greatly to reduce the chromatic and 
spherical aberrations. The object-glass generally consists of one, 
two, or three achromatic pairs of lenses. The eye-piece usually 
contains two plano-conves lenses, a combination which is found 
to be the most fkvorahle for diminishing the spherical aberration, 
and for enlarging the field of view. For convenience, the direc- 
tion of the rays is, in many instruments, changed from a vertical 
to a horizontal direction, by total reflection in a right-angled 
prism. In Pig. 364, A is the object ; B,.0, and C", achromatic 
piano - convex lenses, 

the piano - concave ■^'^' ^'^^■ 

part being of flint- 
glass, the double-con- 
vex part of crown- 
glass, and the two 
parts fitted and ce- 
mented i 




I prism; ^ the field-glasB, so called because it 
enlarges the field of view, by bending the outer pencils so that 
they come within the limit of the eye-glass ff; (? the eye-glass. 
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converging tlie pencils to tlie eye at B, while tlie rays of each 
pencil diverge a little, aa from the magnified image back of G. 
The image seen by the eye at iT fills the angle I H L. 

713. Microscopes for Projecting Images. — For the pur- 
pose of forming magnified iiiii^es on a sci-een, to be viewed by an 
audience, the microscope is modified in its arrangementB. One 
form for projecting traneparencieB, whether paintings or photo- 
graphs, is called the magic lantern. Another form, especially 
adapted for the exhibition of small objects in natural history, is 
the solar microscope. 

Such instruments ai"e valuable as means of instruction and 
entertainment, hut they are of no use for investigation and dis- 
covery. 

714. The Magic Lauterii.— It consists of a box, represented 
in Pig. 365, containing a lamp, and having openings so an-anged 
as to permit the air to pass freely through it, without letting light 
escape. In front of the lamp is a tiibe containing a concentrating 
lens, C, the painting on glasS; B, and the lens. A, for producing 




the image ; back of the lamp may be alioneave miiTor for reflect- 
ing additional light on the lens C The ti^ansparency £ is a 
painting on glass, and the strong light which falls on it proceeds 
throngh the lens A, as from an original object brilliantly colored. 
It is a little further from A than its principal focus, and therefoi-e 
the rays from any point are converged to the conjugate focus in a 
real image, F, on a distant screen. This image is of course in- 
verted relatively to the object, and therefore, if the picture B is 
inverted, i^will be erect. The lens may be placed at vai-ious dis- 
tances from B by the adjusting screw a, so as to give the greatest 
distinctness to the image at any given distance of the screen. Ac- 
cording to Ari 618, the diam. of B : diam. of .f : : ^ -B ; ^ i^; and 
therefore, theoretically, the image may be r.s lurgc a:; we please. 
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But splieiical abeuation TdU iiiLre-iie iipidly aa the image is en- 
larged, and even if tbie eMl could be remedied, the want of liglit 
would ii,nder the image too famt to be well seen; for the illumi- 
nation IS as much lesiS than that of the painting as the area is 
greater. Two magic lanterns placed side by side, may throw dif- 
ferent imiges on the same ground, so as to produce the effect 
aiO&AdissoJting news 



715 The Solar Microscope— This does not differ in prin- 
ciple from the migic lantcin Tor illumination tlie solai' or 
electric li^ht 11 iniployed, and images aie formed, not of ai'tificial 
paintings bnt ot smiU natural objects The Ions A (Fig. 368), 




which foims the image, 1? fixed m the end of a tube, A B, and at 
the other end is a mirroi M, which cm be turned on a binge to 
incline at any angle with the tube This apparatus is attached to 
a window-shutter the minor on the outside, and the tube within. 
By adjustmg ^cie^v ? the mirror is mclmed so as to reflect the sun- 
beam along the tube, where it is concentrated by lenses, L L, upon 
the object, 0. Just beyond the object is the lens A, of very small 
aperture, by which the image CD is formed. If the sunbeam is 
large, and the screen at a sufficient distance, the images of objects 
may be plainly seen when magnified millions of times in area. 
Spherical aberration, however, is considerable ; and this prevents 
the instrument from being of service for investigation. 



716. The Telescope.— The telescope aids in vietinng distant 
bodies. An image of the distant body is first formed in the prin- 
cipal focus of a convex lens or a concave mirror; and then a 
microscope is employed to magnify that ims^ as though it were 
a small body. The image is much more luminous than that 
formed in the eye, when looking at the heavenly body, because 
there is eonoentrated in the former the large beam of light which 
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falls upon the lens or mirror, ■while the latter is formed by the 
slender pencil only which enters the pupil of the eye. If the 
image in a telescope is formed by a lens, the instrument is callecl 
a refracting telescope ; but if by a mirror, a reflecting telescope. 

717. The Astronomical Telescope. — This is the moat 
simple of the refracting telescopes, consisting of a lens to form an 
image of the heavenly body, and a single microeeope for magnify- 
ing that image. The former is called .the object-glass, the latter 
the eye-glass. The image is of course at the pi-incipal focus of 
the object-glass, and the eye-glass is placed at its own focal dis- 
tance beyond the image, in order that the ray3 of each pencil may 
emerge parallel ; therefore the two lenses are separated from each 
other by the sum of their focal distances. The lines marked 
A, A',A" {E'l^.Z^I), represent the cylinder of rays which flow 




from the highest point of the object, and which cover the whole 
objeot-glass, M JV. Ail these rays are collected at a, the lowest 
point of the image, the axis of the pencil, A a, being a straight 
line (Art. 615). After crossing at a, they are received on the 
lower edge of the eye-glass, P Q, by which they are made parallel, 
but the entire pencil is bent toward the axis of the lenses, and 
meets it at F. The beam, B, B', B", coming from the centre of 
the object, forms the centre, 5, of the image ; and C, G', 0", from 
the lowest point of the object, forms the top, c, of the image. In 
a similar manner each point of the image is formed by the con- 
centrated rays which emanate from a corresponding point in the 
object. These innumerable pencils, after diTerging from theu- 
focal points in the image, are turned toward the axis by passing 
through the eye-piece, while the rays of each become paraUeh 
At F there is a diaphragm haying an aperture, at which the eye 



718- The Povjers of the Telescope.— The 
poioer of the astronomical telescope is expressed by the ratio of the 
focal distance of the oiject-glass to that of the eye-glass. Tor (Fig. 
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3G7) the oliject, as seen by ihe naked eye, fills the angle A I) 0, 
between the axes of its extreme pencils. But, since the axes cross 
each other in straight lines at the optic centre of the lens, ADG 
=-aDc. Therefoi-e, to an eye placed at the object-glass, the 
image, ac, appears jnst as large as the object; while at the eye- 
glass it appears aismuch larger in diameter as the distance is less. 

The illuminatiiig power is important for objects which shed a 
very feeble light on account of theii' immense distance. This 
power depends on the size of the beam, that is, on the aperture of 
the object-glass. 

The defining power is the power of giviiig a clear and sharply 
defined image, without which both the other powers are iiaeless. 
And it is the power of producing a well-defined image which lim- 
its both of the other powers. For every attempt to increase the 
magnifying power by giving a large ratio to the focal lengths of 
the object-glasa and the eye-glass, or to increase the illuminating 
power by enlarging the object-glass, increases the difficulties in 
the way of getting a perfect image. These difEcnlties are three — 
the spherical abeiTation (Art 631), the chromatic aberration (Art. 
634), and unequal densities in the glass. The third difficulty iS' a 
very serious one, especially in large lenses. Very few good object- 
glasses have been made so large as fifteen inches in diameter. 

719. Manner of MountiBg.— The equatorial mounting of 
large telescopes is quite essential for accuracy of obseiwation or 
measurement. When the magnifying power is great, the diurnal 
motion is very perceptible, and the body quickly leaves the field 
of view. To prevent this, the telescope is so mounted aa to re- 
volve on an axis parallel to the earth's axis, and then by means of 
a clock it has a motion eommunieafced to it, by which it exactly 
keeps up with the apparent motion of a heavenly body. Another 
axis, at right angles with the former, allows the telescope to be 
directed to a point at any distance north or south of the celestial 
equator. 

Astronomical telescopes, when of portable size, are usually 
mounted upon a tripod stand, and admit of motion on a horizon- 
tal and a vertical axis. 

720. The Terrestrial Telescope. — In order io secure sim- 
plicity, and thus the highest excellence, in the astronomical tele- 
scope, the image is allowed to be inverted, which circumstance ia 
of no importance in viewing heavenly bodies. But, for terrestrial 
objects, it would be a serious inconvenience ; and, therefore, a ter- 
restrial telescope, or spy-glass, has additional lenses for the purpose 
of forming a second image, inverted, compared with the first, and, 
therefore, erect, compared with tlie object. In l?ig. 368, m, m, m, 
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; a pencil of rays from the top of a distant object, and 
n,n,n, from the bottom; AB,t]is object-glass; mn, the first 
image; CD, the first eye-glass, which converges the pencils of 
Fig. 86a 




parallel rays to Z. Instead of placing the eye at L, the pencils are 
allowed to cross and fall on the second eye-glass, BF, by which 
the rajs of each pencil are converged to a point in the second 
image, m' n', which is viewed by the third eye-glass, 611. The 
second and third lenses are commonly of equal focal length, and 
add nothing to the magnifying power. 

Snch instruments are usually of a portable size, and hence the 
aberrations are corrected with comparative ease, by the methods 
already described. The spy-glass, for convenient transportation, 
ig made of a series of tubes, which slide together in a very com- 
pact form. 

721. Gtalileo's Telescope. — This was the first form of tele- 
scope, baviug been invented by Galileo, whose name it therefore 
bears. It differs from the common astronomical telescope in 
having for the eye-glass a concave instead of a convex lens, which 
receives the rays at such a distance from the ibcus to which they 
tend, as to render them parallel. Thus, the rays, M, M, M (Fig. 

I, from the top of the object, are converged by the object-glass, 




A B, toward m, in the image; and the pencil, N, N, N, from the 
bottom of the object, is converged toward n ; but the concave lens 
CD is interposed at such a point as to render these converging 
rays parallel, and in this way they come to the eye situated behind 
the lens. But, though the rays converge before they reaoh the 
concave lens, the pencils diverge, having crossed at F; therefore, 
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in passing tlie concave lens, they are mafle to diverge more, and 
wUl enter the eye as if they liad crossed at a much nearer point 
than F. The angle hetween these extreme pencils is the angle 
which the ohject appears to flU ; and the magnifying power is in 
the ratio of this angle to the angle MFN'=mFn; and that 
equals the ratio of tlie focal distance of .^ 5 to the focal distance 
of CD. The object appears erect in the Galilean telescope, since 
the pencil, which comes from the top of the object, appears to 
come from the top of the virtua] imago; thus, the parts of the 
object and image are similarly situated. It is obvious that, since 
the pencils divei^e, only the central ones, within the size of the 
pupil, can enter the eye. This circumstance exceedingly limits 
tlie field of view, and tmfita the instniment for telescopic use. It 
is employed for opera-glasses, having a iwwer usually of only two 
or three in diameter. 

722. The Gregorian Telescope. — This is the most frequent 
form of roflGcting telescope, and receives its name from the inven- 
tor, Dr. Gregory, of Scotland. The light from a heavenly body, 
entering the open tnhe (Fig. 370), is received on the large concave 
Fig. 370, 



Speculum, B, which forms an inverted image, m, at the principal 
focus J the lays ot each pencil crossing there next meet the small 
concave mnior F, which forma an erect image, w, at the conjugate 
focus, beyond the speculum, the centre of the latter being perfo- 
rated to let the light pass through. The eye-glass, G, magnifies 
this image. To avoid confusion, only two rays are drawn in the 
figure, and those belong to the central pencil. Bays from the top 
of the object would enter the tube inclining slightly downward, 
and be reflected to the bottom of m, and again to top of n. Eays 
from the iottom would ascend, and be reflected to the top of the 
first image, and to the bottom of the second. 

723. The Herschelian Telescope.-— Sir William Herschel 
modified the Gregorian by dispensing with the small reflector F, 
and inclining the lai^e speculum E, so as to form the image near 
the edge of the tube, where the eye-glass is attached. Thus, the 
observer is situated with Ms back to the object. The speculum of 
Hersehel's telescope was about four feet in diameter, and weighed 
more than 3,000 pounds, and its focal length was forty feet. The 
Earl of Eosse has since constructed a Herschelian telescope having 
an aperture of six feet, and a focal length of fifty feet. 
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APPLICATIONS Oi' THE CALCULUS. 

I. Pall of Bodies. 

1. IMflerential Equations for Force and Motion. — These 
are three in number, as follows ; 

ds 
a t 
_dv_cJls 
•' eft df' 
3. fds = V dv. 
These equations are readily deriTed from the elementary prin- 
ciplos of mecbanica. In Art. 6 we have v =-. Kedneing the 
numerator and denominator to infinitesimals, v remains finite, and 
the equation becomes v = -=- ; which is Equation 1st. Therefore, 

if the space described by a body is regarded as a function of the 
time, t]iB first differential coef&cient expresses the velocity. 

Again (Art. 13), /= 7, whore / represents a constant force. 

Making velocity and time infinitely small, we get the intensity of 

the momentary force, /= j-,. But, by Equation 1st, v = -j-,; 

.'./ = -f^ ; which is Equation 2d. Hence we learn that ih^ first 

differential coefficient of the velocity as a function of the time, or 
the second differential coefficient of the space as a function of the 
time, expresses the force. 

Equation 3d is obtained by multiplying the 1st and 2d cross- 
■wise, and removing the common denominator. 

We proceed to apply these equations to the preparation of for- 
mulfB for falling bodies. 

2. Bodies falling throngh Small Distances nesir the 
Earth's Surface. — In this ease, let the accelerating force, which 
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dv 



is considered constant, be called g. Then, by Eq. %g = -j-p .: dv 

= gdt. Integrating, "we bare u = ^ i! + (7. Bat, since v = ^ 

when ^ = 0, .'. « = fl ;, and ^ = -, as in foromlae 5, 6, Art. 38. 
9 

Again, substituting gt fox v in Eq. 1, ds = gidi; and by 
integration, s := i ^ i' + (7; but C — 0, for the same reason as be- 
fore: .'. 3 = igf, and t =^ \/ ■ — , as in formulas 1, 3, Art. 28. 

Once more, equating the two foregoing values of t, we have 

V = V2 a s, and s = tt-, as in formulas 3, 4, Art. 38. 

If, in the equation, s = ^5' f, v be substituted for ^(, we have 
s = ^vi, or vt — Us; that is, the acquired velocity multiplied by 
the time of fall gives a space twice as great as that fallen through 
(Art. 35). 



3. Bodies falling through Great Distances, 
so that Grravity Is Variable, according to the 
Law in Art. 16. — 

Suppose a body to fell from A to B (Fig. 1), to- 
ward the centre C. Let AC=a; B G= x; D C^r, 
the radius of the earth. 

The force/at 5, is found by the principle, Art. 16, 



ir'::g:f = 



= gr'3 



Fia. 1. 



4. To find the Acquired Velocity. — Substitute 5' r''3i""' for 
f, and a — a; for s, in Equation 3d, and we have g r^ x-' .d{a —a;) 
= vdv; .: by integration ^v' = / -~ gr'^ar' dx = gr'or' +C. 
But V = 0, when x = a; .: G ~ — g r^ar' ; and 



i^ 



^igr'ja-x)^ 



This is the general formula for the acquired velocity. If the 
body falls to the earth, x = r, and the formula becomes 



i ^grja - 
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Again, if the body feUs to the earth through so amall a space 
that - may be regarded as a nnit, the fonmila reduces to 

the same as obtained by other methods. 

If a body fails to the earth from an infinite distance, it does 
not acquire an infinite Telocity. For then, as we may put a for 
a — r, 



n^i 



et = 6.95 n 



{3.33L.3956. 

Therefore, the greatest possible velocity acquired in falling to 
the earth is loss than seven miles ; and a body projected upward 
with that velocity would never return. 

5. To find the Time of FaUing.— From equation first we 



; in this, substitute d{a—x) fords, and 



[2gr-i a-x)\^ 



(ax)^ 
for V) as foimd in the precediug article; then 

{^g^{a~x)\^ ^^^" ' {a-xy' 

.: by integration t — (o-^J .J—x^dx{a~ x)-^. 

By the formula in the calculus for reducing the index of x we 
obtain 

Now, when t = G, x = a; ■'■ C~ -^ ; 

hence, t = [^J { („ j, _ a,-) i _ | „r. 

6. Bodies falling within the Earth (sup- 
posed to be of uniform density), where 
Gravity Varies as the Distance from the 
Centre. — 

Suppose a body to fall fi-om ^ to B (Fig. 3) ; 
and letJ)C'=r,AC=a,miBG=x. Then 

r:z::g:f="x = force at B. 
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To find the velocity acquired.— Bj Eq, 3d, 

vdv =fds; .: V a V =:- X . a (a — X) = — ^—— ; 

.'. ^ 5)"=— ^ h C; but ji = when x = a; 

,'. G~^—, and ' j;'=^-^-- — '-; .■.v= '/-(a^—x^) \ ^. 
li tlio body falls from the Bnrface to the centre, x = 0, and 
thisformiilabeeomes!;= (j/r)^ = (33J x 3956 x 5380)^ = 25,904 
feet per second. 

To find the time of falling. — By Equation 1st, and anbstitn- 
^ , , . , , ^8 d{a—x) dx —dx 
tiOBS, TTe obtain e i = — = = — — = — .- __- 

When t = (i,x — a,-^=l, and the avc, whose cosine is 1 = 0; 

.-. c=o. ■■■^ = (-) >^eos"'| 

If the body fells to the centre, a; = 0, and ^ — (-) >^ n > in 

which a does not appear at all ; so that the time of falling to tlie 
centre from any point withia the surface la the same ; and equals 

I -sn^ 1 X l.o70T96 m seconds, or 31m, 5.8s. 



II. Centre of Gravity. 

7. Principle of Moments.— In order to apply the processes 
of the calculus to the determination of the centfe of gravity, the 
principle is used, which was proved (Aj-t. '?8), that if eveij par- 
ticle of a body be multiplied by its distance from a plane, and 
the sum of the products he divided by the sum of the particles, 
the quotient is the distance of the common centre from tlie same 
plane. The product of any particle or body by its distance from 
the plane, is called its moment with respect to that plane. 

8. General FormuUe. — Let BAG (Fig. 3) be any symmetri- 
cal curve, having A Xfor its axis of abscissas, and A Y, at right 
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It is obvious tiat the 
of the area B A 0, oi 



angles to it, for its axis of ordinates. 

centre of gravity of the line SAC, 

the solid of revolution around the axis 

A X, and of the surface of the same 

solid, are all situated on A X, on ac- 
count of the symmetry of the figure. 

It is proposed to find the formula for 

the distance of the centre fi-om A Y, 

in each of these eases. Let G in every 

instance represent the distance of the 

general centre of gravity from the axis 

A Y, or the plane A Y, at right angles ^ A X. The distance G 

■would plainly be the same for the half figure B AD,&& for the 
whole BAG; espressions may therefore be obtained for either, 
according to convenience. 

1. The line A B. — Let x be the abscissa, fjid ?/ the ordinate; 
then i,d3?-\- dy')'^ is the differential of tlie line A B. For brevity, 
let s = the line, and ds its differential. If we now multiply this 
differential by its distance from AY,xd8 is the moment of a 
minute portion of the line ; and the integral of it, f xds, is the 
moment of the whole. Dividing this by the line itself, i. e. by s, 

Mi,. 



we have - 



- for the distance G. 



S, The arm B A D. — The differential of the area \9,ydx; the 
differential of its moment is xy dx; hence the moment itself is 

f xydx; and the distance = - — - — . 
"" " ' area 

3. The solid of revolution. — The differential of the solid, gen- 
erated by the revolution of J. JS on j4 X, is tt y'd x ; the differen- 
tial of its moment is it a: y'd x ; and the moment is / w a; y''d x ; 

hence the distance G = ^ — -. 

sohd 

4. The surface of revolution. — The differential of the surface is 
^TTyds; the differential of its moment is 3 TT a; J/ (^ s ; andthere^ 

fore the moment is / 3 ^ a; « (^ s ; and the distanced — - — ,. ■ . 
^ Buriace 



9. Application of Formulse, — We proceed to determine 
the centre of gravity in a few cases by the aid of these formulas : 

1. A straight line. — Imagine the line placed on A X, with one 
extremity at the origin A. The moment of a minute part of it is 
(Tifsi, and that of the whole is /a; (?it;, while the length of the 

whole \s,x\ :. G — — — ~ ~ — — .T — = ^ a:, as it evidently should 



:yGoogle 



430 LIGHT. 

be. In all the cases considered here, C= 0, because the function 
Tanishes when x does. 

2, The arc of a cii-ck. — By formula lat we have*? = ■ but 

ds = (dx'+ d y'y^ ; by the equation of the circle, ?/' = 3 a « — *' ; 



.: ydy ^ {a — x) dx;,\c 



^iax' + dyyi 



_ (« — at)' £? ar" __ (c! — xyda^ 
adx 



{^ax-x^y 



i' 



fxds px adx a P xdx a i _, 

■■. = / - X ■ ■ = - I — — =- J vers ' X 

' ^ ' {^ax-xi'^ '-^ {%ax-,ff. «( 

~(3«a; — x^y t = - (s— y) = a =a — r-? if the are is dou- 
bled and called t, stnd c (chord) put for 3 y. As a — ^ is the dis- 
tance from the origin A, and a = radius of the are ; .■. the distance 
from the centre of the circle to the centre of gravity of the arc, 

is — , which is a fourth proportional to the arc, the chord, and the 

radius. 

When the arc is a semi-circumference, c = 3 «, and t = -r:a; 
:. the distance of the centre of gravity of a semi-circumference 

from the centre of the circle is — . 

3, Tlie area of a circular sector. — Suppose the given sector to 
be divided into an inBniie number of sectors ; then each may be 
considered a triangle, and its centre of gravity therefore distant 

fwm the centre of the circle by the hne -^, Hence the centres of 

gravity of all the sectors lie in a circular arc, whose radius is -^ ; 

so that the centre of gravity of the Trhole sector coincides with 
the centre of gravity of that arc. The distance of the centre of 
gravity of the arc from the centre of the circle, by the preceding 

case, is 5 a x ^^-^ ^^ = -st' which is therefore the distaJice of 
o o o of 

the centre of gravity of the sector from the centre of the circle. 
When the sector is a semicircle the distance b 
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4, Tlie area of a parabola. — The equation of the curve is 
y' = px, or y =p^X' ; 
therefore the forraula 2 for moment, 

fxydx = fpix^dx = lp^x^( + O=0]; 
but the area of the half parahola = lp' x^; 

To find the diatauee of the centre of gravity of the semi-parah- 
ola from the axis A JT, proceed as follows: The differential of the 
area, as before, equals ydx; and the distance of its centre from 
AXisj^y. Therefore its moment with respect to AX is ly^dx 
=:{pxdx; and the moment of the whole \^ f!ipxdx= Ipx^; 
.: the distance of the centre from 

AX= Ipx' -i- ^p^x^ = |_p^ x^ = ^y. 
5. Tlie area of a circular segment. — The equation of the circle 
\&,y = {%ax — x'Y. Therefore (formula 2), 

fxydx=fx{%ax- x^ d x. 
Add and subtract ai^ax — «')* d x, and it heeomes 

fa {%ax — x^)^dx—f{a — x) {^ax — x'^dx = 

afydx~^^-r^ — — ^ - / = «.area^BD— | {^ax-x^y^. 

3 a x -x^)^ 



"When X = a, G = a — k-- '■, s^id the distance of the centre of 

graTity of a semicircle from tlie centre of the circle = -^ . "When 

15 = 3 a, ff = a, aa it plainly should be. 

6. A spherical segment. — The equation of the circle is y' = 
2ax — x\ Therefore (fonnnla 3), 
fTrxy^dx=f''rxdx{%ax~x')=f%aTTx'dx—/nx'dx=%ana^—lT:x'; 

_ lairaf — -^nx^ _ 8 g a — 3 a;' 
■'■^~ anx'~in:f~ na-ix' 
"When X =a, (? — f a; that is, the centre of gtaTity of a hem- 
isphei-e is | of radius from the surface, or f of radius from the 
centre of the sphere. If x = 2a, & = a. 

7. A right come.— In this ease A B (Fig. 3), is a straight Hne, 
and its equation is ij— a x, where a is any constant 
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Hence the centre of gravity of a cone is three-fourths of the axis 
from the vertex. See Art. 75. 

8. The convex swrface of a right cone. — The equation is 

y~ax; :. dy' = a'dx") and {dx^ + dy')^ = {a' + ipdx. 
Therefore {formula 4), 

/Znxyds=/2nxy(dx' + dy'')^=f%nax''{a? + l)^dx=^nax'{a' + l)^ 
~ the moment of the surface. The surface itself, 



= ny{x''+f)i = vax'ia' + 1)^. 



^>M^. 



The centre of gravity of the convex surface of a right cone is on 
the axis, at a distance equal to two-thii-ds of its length fi-om the 
vei'tex. 



! = ^ 



(1) 



III. Cbktke of Oscillatioh". 
9. To find the Moment of Inertia of a Bodly for any 
given Axis. — To render the formula I ~ —rrj— suitable to the 

application of tiie calculus, we have simply to substitute the sign 
of integration for S, and d M for m, and we have 
fr'dM 
Mh ■ 

It is useful to know how to find the moment of inertia with respect 
to any axis by means of the fi&. 4 

known moment with respect to 
another axis pai-allel to it and 
passing through the centi-e of 
gravity of the body. 

IjetAZ (Fig. 4) be the axis 
passing through the centre of 
gravity of the body for which 
the moment of inertia is fr'dM, 
and let A' Z" he the axis paral- 
lel to it, for ■which the moment 
of inertia, fr" dM of the same 
maes M, is to be determined. 
For every particle m of the body 
the corresponding value of A m' 
is r' = x' + y'. In like man- 
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ner, if we denote the co-ordinates of A' hj a and /3, and the dis- 
tance between the axes by a, we shall have a' = a' + /3'. Now the 
distance of the particle m &om A' Z' is r" = (x — «)'+ (y — (3)' 
= a^ + y' + a' + l^-^ax-~%i3y^r' + a'-^ax-2py,.: 
fr"'dM=/r'dM + a'fdM-%aSxdM-%0fydM=a'^ 

+ fr'dM, (3) 

einee A Z passes through the centre of gravity of the body. Hence, 
tM moment of inertia of a lody mth respect to any axis is equal to 
the mommt of inertia with respect to a parallel axis through the 
centre of gravity, plus the mass of the body multiplied by tlie square 
of the distance between the two axes. 

Put C = the moment of inertia with respect to an asis through 
the centre of gravity ; then the distance from the axis of suspen- 
sion to the centre of oscillation, the axes being parallel, will he 

C+a'M ,„, 



Z=: 



M/c 



10. Examples.— 

1. Find the centre of oscillation of a slender rod or sti-aight 
line suspended at any point. 

Ijet a and b he the lengths on opposite sides of the axis of sus- 
pension, then by (1) 

fr-dM _ fr' dr _ 8 («' + 5° ) _ 2 (a' - a i -I- V) 

^^ Mk ~ (a-Vb)^{a-b)~Z{a'-¥)~ ^{a-^b) 

between the limits r=-¥ a and r =—b. 

If the rod is suspended, at its extremity, 5 — 0, and Z = | «. It 
it is suspended at its middle point, a = b and ^ = cc . 

3, Find the centre of oscillation of an isosceles triangle Tibra- 
ting about an axis in its own plane passing through its veiiex. 

Put b and /( for the base and altitude of the triangle; then by 

j r .jr dr 

If the axis of suspension, coincides with the base of the trian- 

r r\\a-r)dT , 
gle, then I = p=-j — pr = ^. 

3. Find the centre of oscillation of a circle vibrating about an 
axis in its own plane. 

C^fr'dM='^fx'ydx = 'ifx'{E'-x')^dx^ 

28 
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Taking this integral between x=~~r and x = 

^ ~ 3 ■ 3 ~ 4"- 
Substituting this value of (7 in (3) we have 



rr^' 



nR' 



1 = 



4. Knd tlie centre of oscillation of a cir- 
cle ribrating about an axis perpendicular 
to it. 

Let K L (Fig. 5) be an elementaa:y ring 
whose radius is x and whose breadth isdx; 
then 

PR 



PR 
dM =%TTxdx, and G= I x' 

^ R^ 
TV R' 



dx 



-R' 



■.l^ 



ter than a 



cular pendulum will vibrate faster when the 
axis of suspension is in its plane, than when 
it is perpendicular to it. 




IV. Oehtri; op Hydeosxatic Pressure. 

11. General Formula. — Let the surface pressed rrpon he 
plane and Tertical ; and let the water level be the plane of refer- 
ence. Suppose the surface to Have a 
symmetrical form with reference to a 
vertical asis, x, whose ordinate is ^ 
(Fig. 6). A horizontal element of the 
surface is%y dx, and (since the pres- 
sure varies as the depth) the pressure 
on that element 2 x y dx. Hence the 
whole pressure to the depth x is 
/ 2xy dx= 2 / xy d X. The mo- 
ment of the pressure on the element 
of surface is 2 x' y d x; and the sum of all the momenta to the 
same depth is f%x^ydx = %fx^ydx. Therefore, putting p 

for the depth of the centre of pressure,^ = 




f x^ y dx 
~f xy dx 
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12. Examples. 

1. A rectangle. — Let its height = h, and its base = 5 ; then 3^ 
everywhere equals b, and a horizontal element at the depth x is 
b dXf the pressnre on it is b x d x, and the moment of that 
pressure is b a? dx; .: the depth of the centre of pressure p = 
fbx'dx xiaf -h c „. ,, T . , 

iL— — _- := ^-^i—i ;. omce the pressure and area is each zero, 

Jbxdx ibx' + c' 

when X is zero, c and c' both disappear, and j) — fa;, ivhich for the 
whole surfece heeomes ^ = | A. That is, the centre of pressure on 
a vertical rectangular surface reaching to the water level, is two- 
thirds of the distance from the middle of the upper side to the 
middle of the lower. 

2, A triangle whose vertex is at the surface of the water, and its 
base horizontal. — Let the triangle he isosceles, its height = h, and 

, J tX ax 

its base = i ; then A : 5 : : a: : 3 m = t a;. Therefore p ~ --rr 

" h Po ., -, 

J r- •'" 

= -i" ; = I a; ; and for the whole height, \ h. 

If the triangle is not isosceles, it may be easily shown that the 
centre of pressure is on the line joining the vertex and the middle 
of the base, at a distance ii'om the vertex equal to three-fourths of 
the length of that hne. 

~ose base is at the wafer level. — Then k : 6 



•.:h — x;1ly = b —T x. Therefore the pressure is /— I x d x 
—f — J x^ d X, because d x \s negative. The moment of the 
pressureis /— bx^ dx — f~ -^ x'dx. 

-flx'dx-'rjjyfdx -Ja;' + jt«* 

~fbxdz-\-J tX^ dx 

- , , . , — „ , . , and, when x = A, this becomes .', h. 
^hx^ — ^3? Qh— ix ' ' 

In general, the centre of pressure is at the middle of the line join- 
ing the vertex and the middle of the base. 

4. A parabola whose vertex is at the surface. — As y = p- x^, 



Therefore p = - 

^ Sh 
ih x' — ^ of ihx 



therefore p = ^-—^ — ^— = -■ ■ ^ ■ - = ^—j ~ ^x; or ^ A, for 

fxv^x^dx fx^dx %x^ 
the whole area. 
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